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ABSTRACT
R u (II)  Polypridyl C o m p lex e s  I n v e s t ig a te d  from  th e  P ico  to  th e  Micro
S e c o n d  D om ain .
W illiam  H enry
The present work probes the ground and excited state energy structures of a 
variety of Ru(II) complexes to better understanding the factors which affect 
their photo -  chemical and -  physical properties.
In the picosecond domain, ultrafast time resolved resonance R aman 
spectroscopy has been used to investigate the rate of formation of the 
thermally equilibrated excited (THEXI) state in [Ru(bpy)3]2+. These studies 
have shown that evolution of the THEXI state persists into the picosecond 
time range and is not complete on the femtosecond timescale, as previously 
suggested. These studies have also been extended to cover heteroleptic 
complexes and the effects of deuteriation and solvent.
Ru(II) complexes containing a 1,2,4 -  triazole moiety have been investigated 
using a variety of techniques, including time correlated single photon 
counting, resonance R a m a n  and transient absorption. At room temperature 
studies have shown the ability to control the electrochemical and 
photophysical properties through substitution of the triazole and alternating 
the symmetrical N N  ligands.
Low temperature emission and single photon counting (on the microsecond 
timescale) measurements have shown the presence of two emissions for the
1,2,4 -  triazole complexes containing a pyrazine moiety. These studies have 
highlighted the importance of electron délocalisation and excited state dipole, 
as well as the relative energies of the ligands, when controlling the excited 
state location.
Throughout the work deuteriation have been employed to  considered effect 
with its application o f particular importance to the Raman and excited state  
lifetime studies. Computational studies have also been used to augm ent the  
experimental work. T hese studies have reveal details about the energy level 
structures o f dual em issive com plexes while also highlighting som e limitations 
o f calculations preformed in an isolated environment.
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Chapter 1 -  Introduction
C h a p t e r  1
I n t r o d u c t i o n
The firs t chapter serves as an introduction to the work which follows. The area o f  
supramolecular chemistry and the potential fo r  the fu ture  is discussed. The chemistry 
o f  Ruthenium complexes is reviewed, with a more detailed account o f  [Ru(bpy)}]2' and  
complexes containing a 1,2,4 -  triazole ligand provided. A theoretical background fo r  
the experimental and  computational techniques used is also given.
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This thesis uses a variety of techniques to probe the excited state processes in 
Ru(II) polypyridyl complexes. These processes are probed over three time 
ranges; picosecond resonance Raman spectroscopy is used to probe the 
formation of the thermally equilibrated excited state of [Ru(bpy)3]2+ in Chapter 
3 while the nano- and micro-second timescale is investigated via temperature 
dependent lifetime studies in Chapters 4 and 5. In order for the reader to 
better appreciate the results obtained, this introductory chapter gives an 
overview of the techniques employed and their theoretical background. In this 
introduction an attempt has been made to devote extra space to the 
techniques which the reader may be less familiar with. At the beginning of 
each of the subsequent chapters a short introduction is presented which is 
more specific to the work contained therein.
1.1 Supramolecular Chemistry.
Supramolecular chemistry is a difficult area to define succinctly. It can be 
thought of as "chemistry beyond the molecule". However, as synthetic 
versatility increases and the ability to control the properties and structures of 
entities is broadened, the boundaries of single molecules begin to blur. The 
difference between a large molecule and a supermolecule is best defined by 
the degree of interaction between the constituent parts in a molecular 
structure. When the degree of interaction between the subunits is small in 
comparison to other relevant parameters, the chemical entity may be 
described as a supramolecular species. On the other hand an entity with a 
large amount of interaction between the subunits is best described as a large 
molecule. The degree of interaction can be seen via the excited states of the 
molecules and examples of the distinction are given below in F igu re 1.1. The 
subunits of a supermolecule may each have their own properties, however, the 
overall properties of the molecule may not be simply a superimposition of 
these properties.
2
Chapter 1 -  Introduction
In the case of a supramolecular species the excited state formed is localised 
on one of the subunits of the species. ~ indicates a bond between the units in 
a supramolecular species and a large molecule. Initially, supramolecular 
chemistry was thought of as hydrogen and ionic bonds between the subunits, 
but once the synthetic versatility and analytical accuracy to include 
coordination compounds and covalent bonds was achieved, the area of 
supramolecular chemistry began to flourish.
Supermolecule Parent compound Large Molecule
(A* ~ B )
(A  ~  B*)
hv hv
"*---------------------------- A ~ B  -------------------------- ► (A  ~ B ) *
(A+ ~  B')
(A~B+)
F ig u r e  1 .1 : D is t in c t io n  B e t w e e n  S u p e r m o l e c u l e  a n d  L a r g e  M o l e c u l e .
The increased complexity involved in the synthesis and characterisation of 
supramolecular species represents an exciting challenge for chemists. Although 
the area generates enough theoretical and synthetic challenges to be of 
considerable academic interest it is the various potential applications1,23 that 
have generated considerable fervour in both the media and industry.
The definition of supramolecular chemistry tends to be somewhat loose and 
the subject area is perhaps best defined with a number of examples which 
show the potential applications. F igure 1.2 gives structures of a variety of 
supramolecular entities. The ability for molecular recognition of both anions 
and cations has provoked considerable interest. The recognition of alkali 
cations has been achieved using polyethers and crown ethers4 while anions 
can form non - covalent bonds with polyammonium macrocycles.5 For the 
ether based macrocycles, the lone pairs on the oxygen atoms interact with the
3
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postive charge on the cation. For the anion receptors, protonation of the 
ammonium groups of the macrocycles forms an ellipsodial cavity which allows 
binding to electron rich substrates of suitable size, such as the azide anion. 
The increased binding ability of macrocycles compared to similar acyclic 
molecules is referred to as the macrocyclic effect. Another highly important 
area is supramolecular catalysis. This work also deals with molecular 
recognition as the reactants form supramolecular entities before catalysis 
occurs. Examples of artificial metalloenzymes are those based on 
cyclodextrins6 and porphyrins.7 The hydrophobic cavity of the cyclodextrins are 
able to bind appropriate substituents and position the another part of the 
molecule at a catalytic site which is attached to the outer O H  groups, resulting 
in orders of magnitude reaction rate increases.
,o o.
Crown Ether
M acrocyclic Anion R eceptor 
(reproduced from  Ref. 5)
Cyclodextrln.
Ligand used to form  Cu2+ based double helices (n=0-3)
Figure 1.2: Examples of Structures in Supramolecular Chemistry.
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Of particular interest for the current work is light - driven electron transfer 
processes. The electron transfer processes of [Ru(H2dcb)2(NCS)] (where deb is 
2,2'-bipyridyl, 4,4'-carboxylate and NCS is a thiocyanate group) upon 
attachment to Ti02 surfaces have been the subject of intense research. These 
hetero - supramolecular systems show charge injection on the femtosecond 
timescale upon irradiation, with charge recombination occurring via an external 
circuit.8 Organic electron transfer process studies have seen a large number of 
publications based on viologen systems.9 The electron tunnelling between a 
nanoparticle and a substrate bound by a dithiolated viologen system has been 
controlled using an applied potential and monitored using Scanning Tunnelling 
Microscopy.10 The area of self - processing has received considerable attention 
in mainstream media11 due to the potential to produce self - replicating and 
self - assembling devices. This work is charged with designing systems which 
can create themselves once the correct building blocks are in place. One 
example is the double helix structure created based on bipyridine blocks in the 
presence of Cu2+.12 The most comprehensive tome on the area of 
supramolecular chemistry is the book of the same title by Jean - Marie Lehn 
and the interested reader is directed there for more information on the subject 
and for elaboration on the examples given above.13
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1.2 Principles of Photophysics.
The interaction of light with matter is a fundamental process which underpins 
a wide variety of natural phenomena. This section serves as an introduction to 
photophysical processes and the electronic structure of inorganic complexes. 
Where possible mathematical formulae are kept to a minimum for ease of 
reading and also because a more rigorous mathematical treatment is required 
in the section on computational chemistry (section 1.5). The initial step in the 
formation of an excited state is the absorption of light which is dealt with in 
the next section.
1.2 .1  A b s o r p t io n  a n d  F o rm a tio n  o f  th e  THEXI s ta te .
Figure 1.3 gives an overview of the processes involved in the formation of an 
excited state. On the left hand side is a diagram of the potential energy 
surfaces of the various states possible. The potential energy surface is a plot 
of the energy of the complex relative to the nuclear positions of its constituent 
atoms. Since different electronically excited states have different equilibrium 
nuclear positions the position of the minima are shifted depending on the 
excited state. On the right hand side is a Jablonski diagram. This is another 
way to represent the electronic energy structure of a complex.
6
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F ig u r e  1 .3 :  F o r m a t io n  o f  a n  E x c it e d  S t a t e  in  a n  In o r g a n ic  C o m p l e x , ( L e f t ) P o t e n t ia l  
E n e r g y  S u r f a c e  a n d  ( R ig h t ) J a b l o n s k i  D i a g r a m .
The absorption of light is an instantaneous process ( <i> ). The excited state 
formed from this instantaneous absorption leads to an excited state in which 
the positions of the nuclei are identical to the ground state. In general these 
positions are not the equilibrium positions in the excited state and therefore 
the molecule is said to be vibrationally excited. The initially formed excited 
state is referred to as the Franck - Condon state. The vibrational levels can be 
seen in the absorption and emission spectra in low temperature (2-10K) 
studies.14 The difference in the structure of the excited and ground state leads 
to a shift in the absorption and emission spectra as the vibrationally hot states 
dissipates energy non-radiatively before reaching equilibrium. This is known as 
the Stokes shift15 and m a y  also be used as a measure of the distortion of the 
excited state geometry relative to that of the ground state.
If a molecule is not excited into the state from which it is to emit, it m a y  then 
covert into this state via two processes.15 Radiationless conversion between 
states of different multiplicity is known as intersystem crossing (ISC), while
7
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radiationless conversion between states of the same multiplicity is referred to 
as internal conversion (IC). Since the conversion shown in Figure 1.3 is 
between two state of different multiplicity, process ♦  is ISC.
Upon conversion to the lowest excited state and vibrational cooling to the 
equilibrium position, the molecule m a y  then be referred to as being in the 
THEXI (or thermally equilibrated excited) state. It is from this state that the 
majority of emissive processes ( ^  ) occur. By analogy with radiationless 
deactivation, emission between two states of different multiplicity is referred to 
as phosphorescence while it is called fluorescence between states of the same 
multiplicity. THEXI states do not last very long with the longest known lifetime 
of a coordination compound in the m s  range at room temperature. 
Deactivation m a y  also occur by non -  radiative processes ( ^  ) such as ISC 
to the ground state or IC to the non - emissive triplet metal centred state (not 
shown). The deactivation process, energy and lifetime of the THEXI state is 
dependent on the nature of the ground and excited state orbitals.
1.2.2 Electronic Configurations and Emission.
Figure 1.4 presents the electronic structure of an octahedral inorganic 
complex. The structure is derived from the energy levels of the free metal 
(left) and ligand (right) orbitals. The ligand orbitals are:
i) strongly bonding, ligand centred ctl orbitals
ii) bonding, ligand centred ttl orbitals
Hi) ligand-centred, anti-bonding tt* l orbitals
The contribution of the free metal is made up of the orbitals:
iv) nonbonding TrM(t2g) metal-centred, predominantly d orbitals
v) anti-bonding a*M(eg) metal-centred, predominantly d orbitals
vi) strongly anti-bonding, metal-centred g *m orbitals.
8
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The electronic structure obtained is dependent on the relative energies of the 
metal and ligand orbitals. The free metal d orbitals are seen to split into 
TTM(t2g) and a*M(eg) states due to the octahedral field of the ligands. In the 
present example the energy of the ligand tt*  orbitals is lower than that of the 
metal a*, as is the case for the majority of Ru(II) polypyridyl complexes. 
However, for other choices of ligands and metal ion the lowest occupied 
orbitals (HOMO) may be ligand based or the lowest anti-bonding unoccupied 
orbitals may be based on the metal (LUMO).
9
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Metal Orbitals ML6 Orbitals Ligand Orbitals
P
/ Mi t à t t L ii
* i
àt/
/  ft*
/  Lr i k j i
d -------------
t/
LMCT
V\\\\
MC
MLCT
LC
F ig u r e  1 .4 :  E l e c t r o n ic  C o n f ig u r a t io n  o f  a n  O c t a h e d r a l  In o r g a n ic  C o m p l e x .
The transitions between these orbitals are defined based on the nature of the 
initial and final orbitals, such as metal centred (MC) iv) ->• v), ligand centred 
(LC) ii) -» iii), Ligand to Metal Charge Transfer (LMCT) ii) -> v) and Metal to 
Ligand Charge Transfer (MLCT) iv) -» iii). The nature of these transitions is 
represented in Fig ure  1.4. The nature of the transition uses the same label for 
both absorptions and emissions. Resonance R a m a n  spectroscopy m a y  be used 
to investigate the nature of the absorption (see section 1.4). The nature of the 
THEXI state can be examined using emission (both time resolved and steady 
state) spectroscopy. From these experiments the following generalisations can 
be made:
o M L C T  emission: At low temperature the emission is intense and highly 
structured, often with the presence of a vibrational progression. 
Luminescence is often also observed at room temperature and is seen 
to show a solvent dependency.16
10
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o  M C  emission: The emission is broad, structureless and rarely observed 
in solution. The quantum yield is low but may be increased by 
deuteriation.16
o  LC emission: The emission is highly structured at low temperature and 
is seen to resemble the energy of the free ligand. Little solvent 
dependency is observed in the excited state.16
o  LMCT emission: LMCT emission is rare and not well characterised. By 
analogy with M C  states it is expected to be broad, structureless and 
have a large Stokes shift.15
1 .2 .3  O th er  E x c ite d  S ta te  P r o c e s s e s .
A number of processes may be involved in the deactivation of the excited 
state. Figure 1.5 gives an overview of these processes. Electron transfer can 
lead to the storage of excited state energy if the charge separation can be 
maintained. This is the basis for the development of artificial photosynthetic / 
solar energy devices.17 Non - radiative deactivation results in the re-formation 
of the ground state molecule with the dissipation of the absorbed energy as 
heat. Photochemistry produces a transformation in the initial molecule into 
products. This can again lead to the storage of energy if the final products are 
at higher energy than the starting materials.18 In this way light can be looked 
at as a catalyst in a reaction that would not (or would occur slowly) otherwise. 
Bimolecular quenching results in the transfer of energy to a second species. 
Already the quenching process has resulted in a number of important 
applications. The disappearance of an emission signal can used as a probe for 
the presence of a second, non - emissive species.18 Energy transfer also 
allows potential photochemical reactions to occur even if the reactants are 
unable to absorb light. In this instance the molecule may act as a 
photosensitiser to absorb light and then transfer energy to the reactants.18
11
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This is the basis of the potential photocleavage of H 20  to H 2 and O 2 for energy
storage.18
P r o d u c t s
F ig u r e  1 .5 :  P r o c e s s e s  L e a d in g  t o  t h e  D e a c t iv a t io n  o f  t h e  E x c it e d  S t a t e .
Each of these processes have an associated rate, k. The excited state lifetime 
of a complex, r, is related to the s u m  of all these processes by the following 
equation:
-  = I ( * , + * „ )  EON. 1.1
T
where kr and knr are all the radiative and non -  radiative processes, 
respectively and r is the excited state lifetime.
This leads to the concept of quantum yield, Qem, which is the proportion of 
absorbed light that is re - emitted.
12
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Inorganic photophysical studies have focussed considerable attention on the 
properties of Ru(II) polypyridyl complexes, which will be dealt with in the next 
section.
13
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1.3 Ru(ll) Polypyridyl Complexes.
The complexes of Fe, Ru and Os are the most extensively studied of all the 
transition metal complexes. One of the main advantages of Ru(II) over the 
other elements in row 8 is its reactivity. Although Fe(II) complexes are more 
easily synthesised they are overly photolabile, while complexes of Os(II) are 
less reactive and show weaker emission than Ru(II). The electronic 
configuration of Ru(II) complexes give them a favourable mix of properties 
such as synthetic versatility, photostability, room temperature luminescence 
and moderate excited state lifetime such as to be of considerable interest for a 
range of applications.18
1.3 .1  [R u (b p y )3] 2+.
[Ru(bpy)3]2+ is the most widely studied of all Ru(II) complexes. Although it 
has a variety of the above mentioned favourable properties, research is 
ongoing into alternative complexes with properties specifically tailored for 
applications. In all these complexes, however, their properties are still 
compared to those of [Ru(bpy)3]2+, the paradigm and best understood 
species.
1.3.1.1 Structure and Bonding.
Ru2+ is a d5 system. [Ru(bpy)3]2+ is a low spin system with all the TTm (t2g) 
orbitals filled. The uncoordinated 2,2' - bipyridine ligands are colourless, 
possessing a-donor orbitals localised on the nitrogen atoms and tt -  donor and 
tr* - acceptor orbitals more or less delocalised on the aromatic rings. 
[Ru(bpy)3]2+ possesses roughly D 3 symmetry with a Ru-N bond length of 2.05 
A.19 This is shorter that the 2.10 A obtained for [Ru(NH3)6]3+ and indicates 
significant backbonding into the tt* bpy orbitals.
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Oxidation of [Ru(bpy)3]2+ involves a metal centred orbital, with the formation 
of a Ru(III) complex that is inert to ligand substitution. Reduction occurs in 
three one electron steps all of which are reversible. Low temperature cyclic 
voltammetry (CV) measurements have allowed the formation of the highly 
reduced complex, [Ru(bpy2')3]4'. The orbitals involved in the reduction 
processes are the same ones that are involved in MLCT and M C  transitions, 
according to Koopman's Theorem20. Thus the reversibly of the first reduction 
step, indicating a ligand centred LUMO, also implies that the lowest excited 
state is MLCT {vide infra).
Table 1.1 gives the electrochemical properties of [Ru(bpy)3]2+, with 
[Os(bpy)3]2+ included for comparison. The lower oxidation potential of the Os 
complex indicates that the electrons in the 5d orbitals are weaker bound than 
that of the 4d in Ru. The lower reduction potential of [Os(bpy)3]2+ is due to 
reduced backbonding from the Os centre. There is significant experimental 
data which shows the correlations between redox potentials and emission 
energies.21 This is compelling evidence for the assignment of absorption bands 
as MLCT. A  pronounced substituent effect on redox properties is observable 
based on its electron donating / withdrawing properties.
1.3.1.2 Redox Properties
Complex Oxidation (V vs. SCE) Reduction (V vs. SCE)
[Ru(bpy)3]2+ 1.26 -1.35
[Os(bpy)3]2+ 0.83 -1.28
T a b l e  1.1 : E l e c t r o c h e m ic a l  p r o p e r t ie s  o f  [R u (b p y )3]2+.
1.3.1.3 Absorption Spectrum.
Figure 1.6 gives the absorption spectrum of [Ru(bpy)3]2+ in acetonitrile. Bands 
at 185 n m  (not shown - log £ = 4.95) and the intense band at 285 n m  (log £ 
= 4.94) have been assigned as Ligand Centred t t  t t *  by comparison with
15
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the free bpy ligand. The remaining intense bands at 240 and 450 n m  (log £ = 
4.47 and 4.26, respectively) are assigned as d —> tt*  MLCT transitions. 
Absorption in any of these bands leads to the formation of the excited state.
Wavelength (nm)
F ig u r e  1 .6 : A b s o r p t io n  S p e c t r u m  o f  [R u (b p y )3]2+ in  A c e t o n it r il e .
1.3.1.4 Excited State Properties.
The lowest excited state of [Ru(bpy)3]2+ is 3MLCT. In fact, the excited state Is 
a cluster of 3 MLCT states all predominately triplet in character. Meyer et a/. 
produced a model of this cluster of excited states based on low temperature - 
dependent behaviour.22 The energy gaps and quantum yields are shown in 
Figure 1.7 with the results obtained for [Os(bpy)3]2+ included for comparison. 
Not shown in the diagram is the "4th" MLCT that is populated at higher 
temperatures for [Ru(bpy)3]2+. This has been omitted as it is of significantly 
more singlet character (as much as 90%) and as such is not part of the triplet 
manifold.22
16
Chapter 1 -  Introduction
© = 0.404
61.2 cm'1 
10.1 cm"1c © = 0.230 0  = 0.167
607 cm'
© = 0.005
52 cm'1 
16 cm'1
© = 0.038
© = 0.041 
© = 0.033
[Ru(bpy)3]2+ [Os(bpy)3]2+
F ig u r e  1 .7 : E n e r g y  L e v e ls  o f  t h e  C l u s t e r  o f  3M L C T  E x c i t e d  S t a t e s  f o r  [R u (b p y )3]2+a n d  
[O s ( b p y ) 3]2+.
In acetonitrile solution, emission is at 611 n m  at room temperature, with 
emission blue -  shifted to 582 at 77K in an ethanol:methanol (4:1) glass. 
Excited state lifetime is 168 ns in aerated acetonitrile, and although results are 
known to vary greatly, the value for the degassed sample is ~  IpS. For many 
years it was thought that excitation of the complexes in any of its absorption 
bands resulted in the formation of a 3M L C T  excited state with near unity 
efficiency. However, recent studies with a variety of techniques have shown an 
appreciable emission from the ^ L C T  excited state (see Chapter 3).23
The M C  (metal centred) excited state of [Ru(bpy)3]2+ is strongly displaced with 
respect to the ground state geometry along the metal -  ligand vibrational 
coordinates.16 Population of the M C  is via coupling with the 3MLCT. It is 
possible to make the lowest excited state M C  by judicious choice of ligand, 
however, in these complexes it undergoes fast radiationless deactivation to the 
ground state and/or ligand dissociation.24 Potential photolability is one of the 
drawbacks in the application of [Ru(bpy)3]2+ as a solar energy catalyst and, as 
such, considerable interest has been shown in increasing the 3M L C T  - 3M C  
energy gap.
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In the excited state [Ru(bpy)3]2+ is both a better reducing and oxidising agent. 
Figure 1.8 provides an overview of the redox potentials in the excited state.
F ig u re  1 .8 : E x c it e d  S t a t e  O x id a t io n  a n d  R e d u c t io n  P o t e n t ia l s .
The increased reducing and oxidising ability of [Ru(bpy)3]2+ in the excited 
state offers the possibility that it may act as a sensitiser. As a light absorption 
sensitiser (LAS) [Ru(bpy)3]2+ can absorb light energy and transfer a portion of 
this energy to another molecule by a redox process. This allows a molecule 
which does not absorb large amounts of light energy to undergo photoredox 
processes, with [Ru(bpy)3]2+ acting as an intermediary.25 This may also be 
thought of as an example of light energy being used to catalyse a reaction.
1.3.1.5 Localised versus Delocalised Excited State.
Considerable interest has been focused on the extent of localisation of the 
excited state electron in [Ru(bpy)3]2+. Eq n 1.3 shows the different possible 
excited state structures based on the degree of localisation.
[Ru(bpy)3}2+ + h v  -> [Ru3+(bpy~)(bpy)2]2+
i E q n . 1 .3
[Ru(bpy) 3 ]2+ + h v -> [ R u 3+(bpy 3)3]2+
The Electron - Ion Coupling model, proposed by Crosby e t a/., consists of 
three levels. The lowest energy level has D 3 symmetry and is formed from the 
lowest anti-bonding orbitals of each ligand, which led to a delocalised excited 
state model.
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In the localized picture, the Ru-LL unit is proposed to be of C2v symmetry. 
However, a drawback of this model is that the LL and Ru-LL units would be 
essentially independent and therefore dual emission (iride infra) would be 
expected for complexes such as [Ru(bpy)3]2+.
A variety of techniques have been used to determine whether the excited state 
is localised or delocalised. Although the issues remains complex, it is now 
believed that the localised model with electron hopping between ligands on 
the picosecond timescale is a more accurate description. This is based on 
resonance Raman studies of the saturated MLCT state which show bands due 
to both bpy° and bpy'*.
1 .3 .2  T r ia zo le  c o n ta in in g  C o m p le x e s
1,2,4 - triazole containing complexes have shown considerable promise in the 
construction of practical molecular devices. Properties such as photochemical 
stability, pH dependent behaviour and synthetic versatility which are present 
that lead to the possibility of a wide range of applications.26 The triazole ligand 
is a strong a-donor and can be coupled with pyrazine, pyridine and quinoline 
moieties of varying a-donor / 7t-acceptor strength. Variation of the symmetrical 
diimine ligands by the use of 1,10 - phenanthroline, 4,7-diphenyl-l,10 - 
phenanthroline and 2,2'-biquinoline increases the synthetic possibilities as well 
as the photophysical and photochemical properties on offer.27,28 Coordination 
isomers are possible due to the asymmetry of the triazole ligands. The N2 and 
N4 isomers are seen to have different properties due to the stronger a-donor 
properties of the N2 nitrogen.29 The ability to substitute the ring selectively 
has increased the number of complexes for study and has also aided in the 
tailoring of their properties.
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F ig u r e  1 .9 : N u m b e r in g  S c h e m e  f o r  T r ia z o l e .
Two synthetic schemes for the formation of a substituted triazole ligand are 
shown in Figure 1.10. It is important to note the versatility available through 
the choice of the starting material. This leads to the possibility of coordination 
isomers through the synthesis of asymmetric ligands, as well as dimer 
formation.
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F ig u r e  1 .1 0 : S y n t h e s is  o f  a  S u b s t it u t e d  1 ,2 ,4 -T r ia z o l e .
The use of 1,2,4 - triazole ligands in ruthenium complexes was first reported 
by Vos and co-workers.30 The numbering scheme of the triazole is shown in 
Figure 1.9. It is important to note the position of the N2 and N4 nitrogens. In 
these early studies the triazole acted as monodentate ligands. Triazoles were 
first employed as bidentate ligands in homoleptic Ru(II) complexes with 
pyridine used as the second chelating moiety.31 Triazole ligands were then 
incorporated into the heteroleptic [Ru(bpy)2(pytr)]+, where pytr is 2'-(l,2,4- 
triazol-3-yl)-pyridine, and characterised by NMR, electronic spectroscopy and
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electrochemistry.32 This is an analogue of the thoroughly studied complex 
[Ru(bpy)3]2+ with one of the pyridine groups replaced with the triazole.
The absorption and emission properties of Ru(II) complexes containing a 
triazole ligand are seen to be similar to those of [Ru(bpy)3]2+.33 However, the 
strong a-donating triazole group leads to a red shifting of the absorption and 
emission maxima as compared to [Ru(bpy)3]2+. This is due to the increased 
electron density on the metal core, which raises the energy of the ground 
state and decreases the energy gap for electronic transitions. The red shift 
observed for the N4 isomer is less then that for the N2 isomer and reflects the 
decreased c-donor ability of the N2 position.29
The application of HPLC techniques has also been highlighted in the study of 
the reactions of Ru polypyridyl complexes. The N2 and N4 coordination 
isomers were separated by semi-preparitative chromatographic techniques.34 
The presence of the free nitrogen in the monomeric complexes leads to the 
possibility of acid/base chemistry.35 This has been extensively studied36 for 
both [Ru(bpy)2(pytr)]+ and [Ru(bpy)2(3-Methyl-pytr)]+. Protonation leads to a 
blue shifting of the absorption and emission maxima. The acid / base 
behaviour of the complex in the excited state can also be used to detect the 
location of the excited state. If the excited state is located on the ligand that is 
involved in the absorption and emission process, the complexes should be 
more basic in the excited state. [Ru(bpy)2(pytr)]+ shows increased acidity in 
the excited state, indicating that the excited state is bpy - based, which is also 
confirmed by resonance Raman data. Isomérisation of the coordination mode 
can be achieved by both photochemical and thermal means.37 The protonation 
state of the complex has also been shown to affect the photochemistry.28
Symmetrical substituted pyridyl triazole ligands were first synthesized in the 
form of the bis-pyridyl triazole (bpt). The synthesis of this ligand led to the 
formation of the first dinuclear Ru(II) complexes containing a 1,2,4-triazole 
moiety.38 Dinuclear complexes were of particular interest because of the
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possibility of transferring two electrons and the formation of mixed valence 
compounds. Mixed valence compounds have the added photophysical property 
of an intervalence transition. The first mixed metal dinuclear complex 
synthesised and characterised39 was [(bpy)2Ru(bpt)Os(bpy)2]3+. In this 
complex it is seen that the oxidation potential changes depending on whether 
the Os or Ru moiety is bound to the N1 position of the triazole. In these 
complexes intense intervalence transition bands are observed suggesting a 
moderately strong interaction between the metal centres. The energy of these 
bands are correlated to the oxidation potentials of the centres. Complexes 
containing other symmetrical diimine ligands such as 1,10-phenanthroline40 
(phen), 2,2'-biquinoline41 (biq) and 4,4'-dimethyl-2,2'-bipyridyl (dmbpy)42 have 
also been investigated. Biq is a good n-acceptor complex which leads to a red 
shifting of the absorption and emission maxima. For [Ru(phen)2(bpt)]+ the 
absorption is blue-shifted compared to the bpy containing analogue, while the 
room temperature emission and redox properties are little changed. These 
studies also showed that the bpy-based 3MLCT is lower than that of the phen. 
The synthesis of multinuclear complexes was also extended to tri43-, tetra44- 
and hexa45-nuclear complexes.
The pyrazinyl-substituted triazole complex, [Ru(bpy)2(pztr)]+, where pztr is 2'- 
(l,2,4-triazol-3-yl)-pyrazine, was also synthesised and its add / base 
properties investigated.29 For this complex the coordination mode (N2 or N4) is 
seen to effect the physical properties. The N4 coordinated isomer is more 
acidic, has a higher energy 3MLCT emission and a higher oxidation potential. 
This again confirms the stronger a-donor ability of the N2 position. The 
location of the excited state in this complex was seen to switch from bpy to 
pyrazinyl-triazole depending on the protonation state. This led to extensive 
investigation of the temperature dependent emission from N2 isomer of the 
complex.46 A temperature dependent dual emission was observed in the 
temperature range from 140K-200K. The pyrazine moiety is a stronger n - 
acceptor and hence there is a red shift of the absorption and emission maxima 
as compared with the pyridine containing analogue. The effect of protonation
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of the triazole is similar to that for the pyridine-containing complex. The 
presence of a free nitrogen on the pyrazine leads to the further possibility of 
pH dependent behaviour. This nitrogen is protonated at negative pH and it 
leads to a quenching of emission.35
More recent work has concentrated on dinuclear complexes with a variety of 
bridging ligands. The pyrazinyl - triazole moiety has been used in the 
construction of dinuclear complexes with some examples given in Figure 
1.11.47,48,49,51 These studies have encompassed metal centres coordinated in 
both monodentate and bidentate fashions. A variety of triazole substituents 
have been used as bridges in dinuclear complexes.49 The extent of interaction 
is dependent on the protonation state of the triazole and the bridging moiety 
selected.50 The first published computational studies of Ru(II) complexes 
containing a triazole moiety were performed on a dinuclear complex with 
pyrazine as the bridging moiety.51 This work showed the ability of Density 
Functional Theory (DFT) to accurately predict properties such as location of 
excited state and the effect of protonation. DFT studies have also been 
performed on simple molecules dyads containing a pyrazine triazole ligand.52 
These results have been used to gain a greater understanding of the role of 
bridging ligands in dinuclear complexes. Recently a publication reviewing the 
area of excited state structure and intercomponent interaction has been 
produced which covers the application of a variety of techniques to mono - 
and di - nuclear systems.53
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Ru(bpy).
3,5-bis(pyrazin-2-yl)-1,2,4-triazole (bpzt)
Ru(bpy)2
5,5'-bis(pyrazin-2"-yl)-3,3'-bis(1 H-1,2,4-triazole)) 
(bpzbt)
Ru(bpy).
N=[\  /
Ru(bpy). Ru(bpy).
Ru(bpy).
2,5-bis-[5-pyrazinyl-1 H-1,2,4-triazol-3-yl]thiophene 2,5-bis-(5-methyl-1 H-[1,2,4]triazol-3-yl)-pyrazine
F ig u r e  1 .1 1 : E x a m p l e s  o f  D im e r s  F o r m e d  u s in g  P y r a z in e  c o n t a in in g  L ig a n d s . A l s o  
In c l u d e d  a r e  t h e  N a m e s  o f  t h e  L ig a n d s  a n d  t h e  C o m m o n  A b b r e v ia t io n s  U s e d .
1 .3 .3  P r e v io u s  R e p o r ts  o f  D ual E m is s io n .
Kasha's rule states that emission from organic molecules originates from the 
lowest excited state of a given multiplicity. The first example of an exception 
to this rule was seen in the dual fluorescence of azulene.54 This statement was 
refined by Demas and Crosby in 1970 for transition metal complexes to include 
emission from those states that achieve a significant Boltzmann population. 
There are a number of differences between the emission observed in transition 
metal complexes and organic compounds. In transition metal complexes the 
predominant form of emission is phosphorescence, which often occurs at room 
temperature with substantial efficiency. Also the emission quantum yields 
show an excitation wavelength dependency that indicates anisotropic non- 
radiative coupling between states of different orbital origin.
((pztr)2th) (H2(Metr)2pz)
. /  
Ru(bpy).Creutz - Taube ion
1-methyl-(pyrazin-2-yl)-1,2,4-triazole (IMepztr)
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The first dual emission from a transition metal complex was reported from 
[Rh(bpy)2(phen)]3+ and [Rh(bpy)(phen)2]3+ at 77K. In these complexes two 
emissions and lifetimes could be observed which were the same as those seen 
in the homoleptic parent complexes.55 These emissions have been categorized 
as being spatially isolated, ligand centred and are not thermally equilibrated. 
The emissions in these complexes are not equilibrated because of the lack of 
an efficient acceptor mode to aid in energy transfer.
Another type of multiple emission has been observed. These emissions occur 
from states of different orbital parentage i.e. d-d* and d-n* or d-d* and tt -tt* . 
This was first observed56 for [Ir(phen)2CI2]+ at 77K. In this complex the 
dominant emission is d-TT* in nature while the second emission is d-d in nature 
which persists up to 230 K. The complex [Ir(5,6-Mephen)2CI2]+ shows one 
emission of t t - t t*  nature and while again the second emission is of d-d orbital 
parentage.
Dual emission was also reported for a Cu(I) complex at low temperatures. In 
[Cu(dmp)2]+ both emissions are MLCT based, however, one is from a singlet 
excited state, while the other emissive excited state is a triplet.57
The complex [Ir(LL)(LLr)2]+ (where LL=bpy or phen and LL'=2-phenylpyridine 
or benzo[h]quinoline) was also seen to show dual emission at 77 K. Again in 
these complexes the excited states are spatially isolated.58 However, thermal 
equilibration is also thought to be hindered by the viscosity dependent Franck- 
Condon barrier to energy transfer between states which show a large 
geometric difference. In these complexes the excited states are both 3MLCT 
and based on different ligands. Above the glass transition temperature only a 
single emission occurs, indicating that the energy transfer is efficient in fluid 
environments. Dual emission of this type is similar in nature to that observed 
in ruthenium pyrazinyl-triazoles that is discussed in this report.
25
Chapter 1 -  Introduction
Finally, dual emission can also occur from dinuclear complexes. An example of 
this is the complex [Ru(bpy)2(bpyen)Re(CO)5(py)]3+, where bpyen is 1,2- 
bis(4'-methyl-2,2'-bipyridyl-4-yl)ethane, which emits at both 610nm and 
540nm.59 The absorption spectrum of the complex could be modelled with a 
1:1 mixture of the monomeric analogues, however, the emission spectra 
requires a 9:1 Ru:Re mixture. This indicates that there is some communication 
via the bridging ligands in the excited state but not enough to fully deactivate 
the Re excited state.
1 .3 .4  E m is s io n  L ife tim e  T em p era tu re  D e p e n d e n c e .
Low temperature studies in the 1.8 - 77K range have shown that luminescent 
from Ru(II) polypyridyl complexes originate from a cluster of three closely 
lying levels which are in Boltzmann equilibrium.60 The rate of radiative 
transition is generally governed by spin and symmetry factors, while the 
radiationless rate constant is generally seen to increase as the temperature is 
raised. The temperature dependent terms are associated with two different 
forms of deactivation.
The deactivation of the excited state by vibrational modes due to the melting 
of the frozen environment51 is expressed by the following equation:
This describes stepwise behaviour centred on a temperature T Bj, with Q  related 
to the smoothness of the step and B| the value of k at T > >  T Bi.
An Arrhenius equation may be used to describe the activated surface crossing 
from the 3MLCT to another excited state. This may be to the 3M C  state or may 
result in coupling of a weakly coupled fourth 3MLCT state.62
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AE(
k  =  A e  RT
where k is the rate, A is the prefactor, AE is the activation energy and T is the 
temperature.
Figure 1.12 gives an overview of the potential energy diagrams for an electron 
transfer reaction. AE| is the free activation energy of the electron transfer (AG* 
in the figure). This is related to the energy differences between the initial and 
final states and the reorganisation energy (inner and outer sphere). The 
prefactor has contributions from the average nuclear frequency factor, vN, and 
the transmission co - efficient, k .  When this is strong electronic interaction 
between the initial and final states, 2H is large and k  = 1. This is referred to as 
the adiabatic limit. In this limit the rate limiting step is the nuclear motion 
which leads to the transiton state. In contrast when 2H is small, the rate 
limiting step is electron transfer once the transition state geometry is attained.
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N u c l e a r  C o n f i g u r a t i o n
F ig u r e  1 .1 2 :  P o t e n t ia l  E n e r g y  C u r v e s  f o r  a n  E l e c t r o n  T r a n s f e r  R e a c t io n .
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In the present work, deuteriation has been applied to vibrational spectroscopy 
and in the measurements of excited state lifetimes. The exchange of hydrogen 
for deuterium can be achieved by a number of methods. Deuteriated starting 
materials can be used in the synthesis of selectively deuteriated molecules. 
This has been employed in the synthesis of partially deuteriated triazole 
containing ligands (see A p p e n d ix  D) and dipyridophenazine (dppz).63 It is also 
possible to exchange labile acidic hydrogens by dissolving the sample in a 
deuteriated protic solvent.64 The method which has been applied in the current 
work is that developed by Vos e ta /.65 This method employs 1 0 %  Pd/C catalyst 
and D 20  with exchange occurring under pressure and high temperatures. 
Repeated exchange reactions are required to ensure complete deuteriation. 
This method is often used to synthesise deuteriated starting material for the 
preparation of selectively deuteriated complexes.
Deuteriation is seen to affect the vibrational spectra and excited state lifetime 
of a variety of complexes. An extensive review of the effect of deuteriation on 
the excited state lifetimes of platinum and lanthanide group complexes has 
been produced by Browne and Vos.66 The classical expression for vibrational 
frequency67 is shown below:
i I T  1 1
L> = -------  —  WHERE f i = --------b ------ EQN. 1 .4
27vc \  //  m x m 2
k  is the force constant, c  is the speed of light and v is the frequency, ¡j is 
known as the reduced mass of the system, while mx and m2 are the masses of 
the two bodies. O n  the basis of this simple reduced mass system deuteriation 
results in a decrease in the frequency of a vibration. W h e n  applied to 
vibrational spectroscopy, in general, selective deuteriation leads to the shifting 
of the bands due to this ligand to lower frequencies, thus allowing assignment 
of the bands.
1 .3 .5  D e u t e r i a t io n .
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As shown in Eqn. 1.1 the excited state lifetime of a complex is dependent on 
the s u m  of the radiative and all the non - radiative processes. The rate of 
radiative decay (sometimes referred to as the intrinsic lifetime) is dependent 
on the cube of the emission energy.68 A  variety of processes contribute to the 
non -  radiative deactivation of the excited state such as photochemical 
reaction or bimolecular quenching (see section 1.2.3). Deuteriation affects the 
coupling of the excited and ground states. Jortner e t  al proposed two limiting 
cases for coupling, the strong and weak coupling limits (F igure  1.13).
F ig u r e  1 .1 3 :  W e a k  a n d  S t r o n g  C o u p lin g  lim it, a n d  t h e  E f f e c t  o n  E m iss io n  E n e r g y .
W e a k  coupling occurs when the excited state has a similar nuclear 
configuration to that of the ground state, for example in ligand centred excited 
states. In contrast, strong coupling occurs when the ground and excited states 
have different structures, such as in charge transfer excited states. The Stokes 
shift can be used as a measure of the relative displacements of the ground 
and excited states and it can be seen that in the strong coupling limit that 
there is a large difference in the absorption and emission energy. The effect of
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deuteriation is reduced in the strong coupling limit due to possibility of all 
vibrational modes accepting energy, rather than simply those of the type C-H.
The rate of non - radiative deactivation due to vibrational modes is give in 
Eqn. 1.5.
k x- H =  E qn . 1 .5
V
where p is the weighted sum of the energy gap between vibrational states, J is 
the electronic coupling and F(E) is the Franck - Condon sum of the products of 
the overlap integrals. As show by Eqn. 1.4 the vibrational frequency is reduced 
by deuteriation while the amplitude is also reduced. This reduction in the rate 
of non - radiative deactivation leads to an increase in the excited state lifetime 
of a complex on ligand deuteriation if the ligand is involved in the excited 
state. This effect has been used previously to aid in the assignment of the 
location of the excited state.65
Deuteriation has been applied to aid in the photophysical studies of a wide 
variety of molecules. Its first application was in the study of the excited state 
decay of organic molecules. The effect of ligand and solvent deuteriation on 
[Ru(bpy)3]2+ lifetimes was investigated by Watts et a/.69 The first use of 
deuteriation in Ru(II) complexes containing a triazole ligand was performed by 
Vos and co - workers.65 Since then it has been applied to aid in synthetic70, 
photochemical, vibrational52 and computational studies (see A p p e n d ix  D).
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1.4 Raman Spectroscopy.
Raman spectroscopy is an rapidly - growing field of physical chemistry whose 
ability to elucidate distinct structural characteristics in a variety of media has 
led to intensive studies and a renewed interest in its industrial analytic 
application.
1.4 .1  H is to r ic a l D e v e lo p m e n t .
The Raman effect is based on the inelastic scattering of light from molecules 
with the first spectra recorded in 1928.71 During the 1950's and 1960's the 
growth in infrared spectroscopy as a vibrational structure probe led to a 
decrease in the use of Raman spectroscopy. However, the development of 
lasers and the subsequent production of intense monochromic light sources 
have led to a rediscovery of the applicability and versatility of the Raman 
technique. As laser technology progressed the number of accessible 
wavelengths increased leading to the possibility of vibrational probing over a 
wide spectral range.
More recently Raman spectroscopy has been applied to a variety of practical 
problems. The non - destructive nature of Raman measurements means that 
the technique is ideal for in vivo studies and testing of evidence in criminal 
cases. Studies of the inactive ingredients and the degree of hydration of active 
M D M A  in seized ecstasy tablets have shown the potential to identify a common 
manufacturer of a range of tablets.72 Other work has also raised the possibility 
to quickly and accurately identify other hazardous substances such as anthrax 
spores73 and nicotine.74
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The signals obtained in Infra Red Spectroscopy are due to the absorption of 
energy and the transition between two distinct vibrational levels in the sample 
molecules. The selection rule for an IR transition is that, in order for a 
transition to occur, it must lead to a change in the polarity of the molecule 
under investigation. By contrast, Raman spectroscopy does not result from the 
absorption and re-emission of a photon but is a single photon process. The 
collision of the probe photon results in the formation of a virtual excited state 
and the excess energy obtained in this state is then lost to produce a signal. 
The selection rule for a Raman signal is that it must produce a change in the 
polarisability of the molecule.75 Shown in Figure 1.14 are the differences 
between Rayleigh, Stoke and Anti-Stokes Radiation.
Rayleigh radiation is due to the formation of a virtual excited state and then 
the re-attainment of the vibrational ground state. There is no shift in the 
frequency of the radiation and it remains the same as that of laser excitation 
source. This can be used as a reference line for the Stokes and anti-Stokes 
radiation. While re-attaining the ground state structure a proportion of the 
molecules may first relax to a vibrationally excited state. The emerging photon 
would, therefore, be of lower energy that that of the excitation source and this 
leads to a shifted signal. This is known as Stokes radiation. The shift of this 
signal is generally reported in reference to the Rayleigh line and is indicative of 
the vibrational structure of the molecule in question.
Anti-Stokes radiation occurs when the molecules form the virtual excited state 
from a state that is not in the vibrational ground state and then re-attains the 
ground state configuration. This is due to the Boltzmann distribution of 
molecules that are in a vibrationally excited state due to thermal energy. Anti- 
Stokes radiation leads to a signal that is at higher frequency (and hence 
energy) than the Rayleigh line.
1 .4 .2  S t o k e s  a n d  A n t i -S to k e s  R a d ia t io n .
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F ig u r e  1 .1 4 : D ia g r a m s  I l l u s t r a t i n g  (A) A b s o r p t io n , (B) E m iss io n , (C ) S t o k e s  R am an  
S c a t t e r i n g ,  (D ) A n t i - S t o k e s  R am an S c a t t e r i n g ,  (E ) a n d  (F ) R a y le ig h  S c a t t e r i n g  fr o m  t h e  
T w o  D i f f e r e n t  L e v e ls .  N o t e  t h a t  t h e  G r e e n  L in es R e p r e s e n t  E l e c t r o n i c  E n e r g y  L e v e ls ,  
t h e  R ed  L ine v i r t u a l  S t a t e s  a n d  t h e  B lu e  L in es V ib r a t io n a l  S t a t e s .
1.4.3 Resonance Raman Spectroscopy.
The signals obtained from Stokes and anti-Stokes radiation are quite weak 
( ~ 1 0 6 of the intensity of the Rayleigh radiation). However, when the 
excitation energy of the probe pulse is chosen to coincide which an absorption 
band of the molecule an enhancement of the Stokes and anti-Stokes signals is 
produced.75 The signals that are enhanced to the greatest extent are those 
that are associated with the absorption band on which the probe energy is 
coincident.
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Surface Enhanced Resonance Raman spectroscopy (SERRS) is the study of 
samples which have been adsorbed onto roughened metallic surfaces. This 
adsorption results in a enhancement of up to 5 orders of magnitude of the 
Raman signal. This technique allows the detection of small quantities of 
sample (even on the part per billion scale74). The observation of a surface 
enhanced Raman signal was first made by Fleischmann et aI.,76 however, the 
true nature of the effect was not identified until work by Creighton e ta /,77 Two 
mechanisms of enhancement have been identified, the electromagnetic model 
and the charge transfer model. The electromagnetic model proposes that the 
Raman signal is enhanced by interaction with the surface plasmons. These 
plasmons, which are particularly associated with nanoparticles, are thought to 
radiate a portion of their energy at roughened surfaces and enhance the 
Raman signal when it is at resonant energies. In the second theory, called the 
electromagnetic model, the incident radiation is thought to excited a surface 
electron into the L U M O  of the adsorbed sample. This excited sample emits an 
enhanced Raman photon while the electron tunnels back to the surface.
Scissors or Shifted Subtracted Raman Spectroscopy (SSRS) is a techniques 
which was developed by Bell and co-workers.78 A  common problem 
encountered in the collection of Raman data is the presence of a strong 
fluorescent background. The use of lower energy excitation can reduce 
fluorescence however this method is not applicable in all cases. In order to 
subtract this fluorescent background from Raman data a large number of 
accumulations is required to reduce the random noise in the measurements. 
However, differences in the sensitivities of individual pixels in the CCD detector 
used becomes significant at large accumulations. These differences can be 
compensated for by use of the SSRS method which takes two spectra focussed 
on different parts of the detector. Therefore in the two spectra different pixels 
are used to accumulate the data points of the spectra. These spectra can now 
be subtracted, which removes the fluorescent background, and using a
1 .4 .4  O th er  R a m a n  T e c h n iq u e s .
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specially designed algorithm the original spectra reconstructed. This technique 
has been investigated used dye - treated cyclohexane783 and applied to 
problems such as that of document analysis.7813
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This section serves as an introduction to the field of computational chemistry. 
The advent of relatively cheap, fast and easy to use computers has led to a 
considerable growth in the practicality of undertaking computational studies. 
The added processing power of next - generation computers has been 
particularly important for transition metal complexes were the computational 
power needed to accurately account for the d orbital electrons is now within 
the reach of the average research group. Firstly, molecular orbital theory is 
explained, as the basis on which the other methods were developed, followed 
by the important principles of Density Functional Theory - which has been 
used for the studies in this work. An overview of the other available techniques 
is also provided along with a selection of publications on Ru(II) complexes.
1.5 .1  M o lec u la r  O rbital T h eo ry .
At the dawn of the 20th century physicists began to discover the limitations of 
classical mechanics to explain phenomena such as black - body radiation and 
atomic spectra. The ability of wave mechanics to approximate the observed 
quantized systems made it suitable theory for application in the investigation 
of atomic particles. Thus from wave mechanics was born the fundamental 
postulate of quantum mechanics, the Schrödinger Equation (Eqn. 1.6)
m j  = E¥  E q n . 1 .6
where H is an operator called the Hamiltonian operator which returns the 
energy, E, of the system defined by the wavefunction, ifj. The basic 
Hamiltonian has the form shown in Eqn. 1.7;
1 . 5  C o m p u t a t i o n a l  C h e m i s t r y .
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e 2Z t e 2Z kZ,
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Eqn.
<<j rij k<l
1.7
where i and j run over electrons, k and I run over nuclei, f) is Planck's constant 
divided by 2n, me and rrtk are electron and nuclear mass respectively, V 2 is 
the Laplacian operator, e is the charge on the electron, Zis an atomic number 
and rab is the distance between particles a and b. Note that the first two terms 
relate to the kinetic energy of the system while the last three relate to the 
potential energy.
For a real system the correlated motion of all the associated particles make it 
extremely difficult to obtain an accurate wavefunction. At this point the Born - 
Oppenheimer Approximation is applied, which allows separation of the relative 
motion of the nuclei and electrons. Since the nuclei are far more massive than 
the electrons the system can be treated as if the nuclei are static and the 
electrons react instantaneously to any changes in nuclei positions. With this 
assumption the Hamilton is simplified (technically it returns only the electronic 
energy of the system) and also the idea of a "Potential Energy Surface" is 
derived.
Although it is now possible to use operators to obtain various properties of the 
system we still do not know how to construct an appropriate wavefunction to 
describe the system. However, from the Variational Principle we obtain Eqn. 
1.8
> E 0 Eqn. 1.8
where 0  is the wavefunction constructed from any number of orthonormal 
wavefunctions and E0 is the ground state energy. The Variational Principle 
states that the set of appropriate wavefunctions is bounded from below and
\q?H ^dr
\o?2dr
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that the most accurate wavefunction will have the lowest energy. W e  may now 
construct a "guess" wavefunction and use Eqn. 1.8 to evaluate its accuracy. It 
is also important to note that the correct wavefunction is at the lowest possible 
energy and therefore we can apply the techniques of calculus which are 
particularly useful in the location of extremes.
The guess wavefunction is constructed from a linear combination of atomic 
wavefunctions. To obtain the energy of this guess w e  use the Variational 
Principle (Eqn. 1.8) and obtain Eqn. 1.9.
where cp/ is an atomic wavefunction and ai is the corresponding co-efficient ( 
collectively they are referred to as the basis set). From the above equation, we 
can derive the following equation:
where hhj is called the resonance integral and Sy is the overlap integral. As the 
Variational Principle showed, the most accurate guess wavefunction was 
obtained when the energy was at a minimum. Therefore by differentiation of 
Eqn. 1.10 with respect to all free variables and setting the answer to zero we 
can produce the lowest energy wavefunction. From this we get:
\CEJal<f)^ I I ^ L a , (P ^ dr
I /__  ___ E q n . 1 .9
' Z a 'a j H u
E q n . 1 .10
N
Y j ai ( H ki- E S ki) = 0 Eqn. 1.11
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where k represents all the free variables. This is a set of N equations involving 
N unknowns. To solve these equations the determinant of the co-efficients is 
formed and set equal to zero.
H n  -^11 ^  H w E S xn
M O  M
M O M
E S m A A H nn E S nn
= 0 Eq n . 1 .12
Eqn. 1.12 is known as the Secular Equation. From this is obtained N roots with 
an associated energy, E, and each energy gives rise to different co-efficients 
which define a wavefunction. The co-efficients associated with the lowest 
energy wavefunction would then define the ground state while the orbitals 
with higher energies are the excited states.
The above method derives the molecular orbitals based on a single - electron 
formalism. A method to deal with multi - electron systems was developed by 
Hartree and furthered by Fock, and as such became known as the Hartree - 
Fock (HF) theory. Hartree proposed that the Hamilton is separable (under 
certain conditions) into a summation of one - electron Hamiltonian's, h-,. The 
interelectronic repulsion is then included in these one - electron Hamiltonians 
which is given in Eqn. 1.13.
where pj is the electron (probability) density of electron j. However, since the 
square of the wavefunction is equal to the probability density, the 
wavefunction must be known before the electron probability density (and 
hence the third term) can be calculated. In order to circumvent this problem, 
Hartree guessed the initial wavefunction for all molecular orbitals and 
produced one - electron operators and resultant wavefunctlons based on the
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initial guess. These results were then used as the guess to calculate the next 
set of operators and wavefunctions. This iterative procedure was called the 
"Self - Consistent Field" (SCF) method and was repeated until certain criteria 
were met (such as the change in energy between two of the steps).
Fock further extended Hartree's work by incorporating Slater determinants 
(which take into account anti - symmetry and electron spin). Fock replaced 
the one - electron Hamiltonian with the Fock operator, fh and again 
constructed the secular equation (this time containing Fj to FN instead of the 
resonance integral). From this secular equation is derived the energies and 
corresponding co-efficients required to construct the molecular orbitals. It 
should also be noted that elements of the Fock operator, F, are weighted by a 
density matrix, P, which is related to the co-efficients of the wavefunctions. 
Again this produces a paradox as the co-efficients are only known once the 
secular equation has been solved. To solve this an iterative method is used in 
which an initial guess at the density matrix is used to find the co-efficients 
which are used for the next step. The importance of these initial guesses 
cannot be underestimated and one of the most significant improvements of 
the computational software Gaussian 03 over earlier versions is said to be the 
quality of the initial guess.
1 .5 .2  D e n s ity  F u n c tio n a l T h eo ry .
Although the early foundations of Density Functional Theory (DFT) was laid by 
Thomas, Fermi and Slater its great potential for dealing with chemical 
problems was not realized until the work of Hohenberg, Kohn and Sham. The 
main difference with DFT in comparison to Hartee - Fock theory described 
above is that electron density replaces the wavefunction as the central 
element in the construction of the Hamiiitonian. The electron density was 
chosen to describe the kinetic and potential energies of the system as 
integration of the density over all space gives the number of electrons present, 
while their positions are found in the area of local density maxima. The early
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work provided the equations for the potential and kinetic energy of the system 
based on the electron density, shown in Eqn 1.14 and Eqn 1.15.
nuclei y
Vm[p(r)\= Y ,  — k— \p ( f )d r  Eqn. 1.14
k \r - rk\
V«{p(r)] = ^  j  dr,dr,
 ^ |ri V21
•2 I  i
T[p{r)] = — (3 n 2y \ p 2(r)dr  Eqn. 1.15
10 J
Note that the energies are a function of the electron density while this itself is 
a function of the coordinates, r. This "function of a function" is known as a 
functional, hence the name of the theory.
The work of Hohenberg and Kohn (for which Kohn won the 1998 Nobel Prize 
for chemistry) provided a Variational Principle and the Hohenberg - Kohn 
Existence Theorem. The Variational Principle is similar to that given in section 
1.5.1 and states that the calculated energy Is greater than or equal to the true 
ground state energy. As such the most accurate result can be obtained by 
minimising the energy. The Hohenberg - Kohn Existence Theorem dictates 
that the Hamilton constructed from the electron density functionals not only 
defines the energy of the electrons but also the energy of the external 
potential (i.e. the nuclei). This, therefore, proved that the energy of the 
system could be accurately modeled using only the electron density.
This method uses a system with non - interacting electrons that have the 
same density as the system if they were interacting, as this simplifies the 
equation for their kinetic energies. At this point the energy of the system can 
be successfully obtained from the electron density using Eqn 1.16:
E[p(r)] = T„,[p{r)] +  Vm[p{r)] +  Vee[p(r)} + A T[p{r)\ + A V J p (r )]  Eqn. 1.16
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where the terms on the r.h.s. are the kinetic energy of the non - interacting 
electrons, the nuclear - electron interaction, the classical electron - electron 
interaction, the correction due to electron interaction and all non - classical 
corrections to electron - electron interaction, respectively. The correction 
terms {ATand AVee) are grouped together and are known as the exchange - 
correlation energy, Exc. As in Hartree - Fock theory, one - electron operators 
are now constructed, however, with the electron density as the variable:
2  ' r \ r , ~ r k | J | r , - V |  S p
It is from these one - electron (Kohn - Sham) operators that the secular 
equation is produced and the iterative process for obtaining the lowest energy 
begins.
At this point the only term which is not known exactly is the exchange - 
correlation energy, Exc. However, no function of p has yet been obtained for 
Exc and it is with this term that DFT has to approximate. A variety of 
approximations are available for the exchange - correlation energy, such as 
the Local Density Approximation79, Density Gradient Corrections80 and 
Adiabatic Correction Method81, and the reader is directed towards the 
appropriate references for more information.82
1 .5 .3  O th er  T e c h n iq u e s .
There are a variety of computational techniques available to the modern 
scientists each with their own benefits depending on the size and nature of the 
system and the practical computational expense.
Molecular mechanics methods use classical expressions for a range of forces to 
predict the energy of a structure. Examples of the forces used are bond
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stretching, angle bending, torsions and van der Waals interactions. These 
forces can be subdivided into valence and non - valence terms, with the first 
three examples given being valence type and the last interaction being a non­
valence type. The extent to which each type is employed is based on the make 
-  up of the model used. The expressions used are parameterized using 
experimental data, generally from spectroscopy or more recently electronic 
structure methods, and as such this technique is also referred to as the 
empirical force field method. The main advantage of molecular mechanics is 
the low computational cost and hence the ability to treat large systems such 
as D N A  or proteins. However, the calculations are dependent on the quality of 
the parameters available and these are often difficult to obtain.
Semi -  empirical methods are closely related to the HF theory presented in 
section 1.5.1. This method reduces the computational time compared to HF 
theory using a number of shortcuts. The main assumption in semi - empirical 
calculations neglects all products of basis functions which are located on 
different atoms. This is known as the Zero Differential Overlap (ZDO) 
approximation.83 This allows the one -  and two -  electron integrals of more 
than two centres to be ignored and the remaining integrals are parameterized 
in compensation. A  number of models have been derived using the Z D O  
approximation as a basis such as N DDO, C N D O  and INDO. Semi - empirical 
methods are similar to molecular mechanics in that they use experimental data 
to aid in the calculations. As such they are subject to the same advantages 
and disadvantages as that method, namely increased computational efficiency 
and reliance on parameters, respectively. However, it should be noted that 
since semi -  empirical methods do result in the construction of an electronic 
wavefunction there is the ability to calculate a variety of properties (such as 
molecular polarizability) which are not available to the force field methods.
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This section intends to give an overview of previous publications on Ru(II) 
complexes. As with all areas of computational chemistry, huge strides have 
occurred over the last decade due to the advent of high - performance, 
reasonably priced computers. This review is therefore intended to only 
highlight publications of particular interest to the current work and some of the 
background.
The first investigations of Ru(II) polypyridyl complexes were, unsurprisingly, 
carried out on [Ru(bpy)3]2+. Geometry optimisation was carried out by Daul e t  
at. using the LDA and G G A  functionals.84 These results showed best 
agreement for the LDA functional due to the slight overestimation of the bond 
length by GGA. DFT was first used to investigate the electronic properties of 
[Ru(bpy)3]2+ by Baerends e t  a/.85 This work attempted to model the M L C T  
excited state manifold. Although reasonable agreement with experiment was 
obtained, it was still not possible to describe the fine structure. The work by 
Daul e t  at also calculated the energy of the 3M C  with the calculated value 
being 1.5 times that of the 3MLCT.84 From this it was concluded that 
vibrational relaxation in the 3M L C T  state occurred before any population of the 
3MC.
Time - Dependent D F T  (TD-DFT) studies were used by Amini e t  at. to 
investigate the excitation energy of the lowest energy excited state, again with 
good agreement obtained.86 The first published T D  -  DFT studies on Ru(II) 
complexes containing a triazole ligand also been used to investigated the 
properties of dinuclear complexes. These studies showed the ability of D F T  to 
predict the location of the H O M O  and L U M O  as observed in electrochemical 
studies. They also highlighted the importance of solvent environment on 
calculations. The electron density difference maps of the ground state 
absorption obtained did not agree with the experimental Raman results. This 
was suggested as due to the calculations being performed in an isolated
1 .5 .4  C a l c u l a t i o n s  o n  R u (ll)  C o m p l e x e s .
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environment while the R a m a n  measurements were in H 20. The first DFT 
studies of the vibrational spectra of Ru(II) homoleptic complexes were carried 
out by Dines e t a/.87 These studies allowed a satisfactory fit of the 
experimental and calculated spectra using LanL2Dz model, although, ab initio 
calculations using the 3-21G theory produced unrealistic scaling factors. Work 
in our group also showed good agreement between the R a m a n  spectra Ru(II) 
complexes containing a 1,2,4 - triazole and calculated values.52 These results 
also highlighted the effect of deuteriation on calculated R a m a n  spectra and the 
ability to approximate the location of the ground and excited state electron 
density based on the H O M O  and L U M O  isosurfaces. Previously studies on the 
vibrational spectra of transition metal complexes of polypyridyls were carried 
out by Gordon.88 These studies show good agreement between the calculated 
and experimental vibrational spectra for both the ground and excited state 
species. The excited state was modelled using the reduced complex [Cu(phen-‘ 
)(PH3)2]+. The calculation of R a m a n  spectra has also been used to aid 
analytical work. In a study by Bell e t  al the fitting of calculated spectra to 
those obtained by experiment allows the identification of two rotational 
isomers for a selection of fatty acid methyl esters.89 A  useful introduction to 
DFT and vibrational spectroscopy can be found on the personal website of Dr. 
R o m a  Oakes.90
1.6 Aim of Thesis.
This thesis is concerned with the photophysics of Ru(II) polypyridyl complexes. 
The processes leading to the formation and deactivation of the THEXI state 
are investigated on different timescales. At low temperature the excited state 
deactivation of Ru(II) complexes occurs on the microsecond scale. This 
process has been investigated using temperature dependent single photon 
counting. Also investigated was the formation of the THEXI state in a number 
of complexes at room temperature, a process which is complete on the
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picosecond timescale. The excited state decay of these complexes occurs on 
the nanosecond timescale at room temperature and, as such, information on 
the photophysical processes has been obtained on 3 timescales.
Firstly, Chapter 3 looks at the picosecond time resolved resonance 
Raman(TR3) spectra of [Ru(bpy)3]2+ as well as two heteroleptic complexes. 
Although [Ru(bpy)3]2+ is a paradigm complex in the study of inorganic 
photophysics and is the most well understood of all the Ru(II) complexes, a 
number of issues still remain outstanding. These T R 3 studies are used to 
investigate the rate of formation of the THEXI state. The effect of change in 
the overall charge of the molecule and the electron density on the metal 
centre is investigated through the study of a triazole containing complex which 
shows pH dependent photophysics. The effect of electron withdrawing groups 
is also investigated through the study of [Ru(bpy)2(Hdcb)]+ (where deb is 2,2- 
bipyridyl, 4,4'-carboxylate). The photophysical properties of deb containing 
complexes are the subject of intense study in their o w n  right as they have the 
potential for electron injection (and hence charge separation) upon binding to 
Ti02 surfaces.
Chapter 4 and 5 investigate the photophysical properties of Ru(II) complexes 
with triazole containing ligands. Chapter 4 studies complexes of both pyridine 
and pyrazine triazole ligand which are substituted at the C-5 positions. This 
work is particularly Interesting as the C-5 position m a y  act as a bridge between 
metal units in dinuclear complexes. In order to better understand the 
interaction of units inside di - and multi -  nuclear systems a comprehensive 
characterisation of the monomers components is required. This is achieved 
through the use of a variety of techniques such as Raman spectroscopy, 
fluorescence measurements and computational studies.
Chapter 5 looks at the properties of pyrazine triazole complexes with a 
selection of LL ligands (where the complexes are [Ru(LL)2(pztr)]+). Previous 
studies on [Ru(bpy)2(pztr)]+ ( vide supra) containing complexes have shown
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the presence of emissions from two non -  equilibrated ligands at low 
temperatures. This work investigates the robustness of this dual emissive 
behaviour. The complexes investigated have been selected in order to vary the 
o  - donor / t t  - acceptor properties and the extent of delocalisation in the 
excited state.
During the preparation of the thesis a wide range of studies have been 
undertaken, m a n y  in collaboration with other institutes. Appendices D,E and F 
give an overview of this work. A p p e n d ix  D  lists the complexes for which 
vibrational spectra were calculated. Finally A p p e n d ix  E contains the publications 
which have been contributed to. A p p e n d ix  F shows the structures of all the 
complexes studied during the course of this thesis.
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Chapter 2 introduces the various experimental techniques used to investigate the 
photophysical properties of the Ru(II) complexes in this thesis. A broad spectrum of 
techniques has been employed including Raman, Time Correlated Single Photon 
Counting and Electronic Spectroscopy. Technological advances now allows 
investigation into the sub picosecond time scale and the techniques used here range 
from the steady state into the picosecond range.
Experimental techniques have been complimented by computational calculations. 
These calculations have been used to gain an insight into the experimentally observed 
results and to enhance the theories proposed.
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2.1 Steady State Electronic Spectroscopy.
Throughout this thesis electronic spectroscopy is used to investigate the 
photophysical properties of transition metal complexes. Steady state 
spectroscopy refers to measurements which occur under constant illumination 
and observation, and only energy and intensity of the excited state is probed. 
The two techniques used here are UV/Vis absorption and emission 
spectroscopy.
2.1.1 UV/Vis A bso rp tion  S p ec tro sco p y .
Absorption spectroscopy measures the transition of atoms and molecules 
between electronic states. Generally, it is concerned with the absorption of 
light in the visible or ultraviolet region of the spectrum, as the energy of 
infrared and microwave radiation is too small to cause changes in the 
electronic structure.
The Beer -  Lambert Law relates the intensity of light absorbed, Abs, to the 
path length of the light, I, and the concentration of the species, c.
Abs = lo g 10(/„ II ,) =  sel EQN. 2.1
I0 and It are the incident and transmitted intensities respectively, e is referred 
to as the molar absorptivity or molar extinction coefficient. The molar 
absorptivity is a measure of the strength of the transition between the ground 
and the excited state. A large value for e indicates that a transition is almost 
fully allowed, such as MLCT transition in [Co(NH3)Br]2+ where emax = 20,000 M' 
^m"1. By comparison, the ligand field transition of the same complex at 550 
nm1 is a Laporte forbidden transition and has emax = 50 M^crrf1. In some 
transition metal complexes the effect of the heavy metal leads to large molar 
absorptivity for transitions that are formally forbidden. A more complete
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overview of the states involved in these transitions and the absorption spectra 
of Ru(II) complexes is given in Chapter 1.
Accurate measurements require that the absorption, Abs, is between 0.2 and 
1.2. A low Abs value leads to a situation were the signal to noise ratio is a 
significant source of error. On the other if the Abs value is too high all the light 
is absorbed and the amount available for measurement is insufficient.
Unless otherwise stated, UV.Vis spectra were recorded on a Shimadzu 
UV.Vis/NIR 3100 spectrophotometer interfaced with an Elonex-466 PC using 
UV.Vis data manager or a Varian Cary 50 Scan spectrometer interfaced with a 
Dell optiplex GXI PC using Win UV Scan Application 2.00. Samples were held in
0.1 or 1 cm pathlength quartz cuvettes.
2.1.2 E m ission  S p e c tro sco p y .
Emission spectroscopy probes the relaxation of a complex from its excited 
state via the irradiation of energy as light. After the absorption of light a 
complex relaxes to a thermally equilibrated state (THEXI) state which may 
have a lifetime from ns to ms. The formation of the THEXI state in transition 
metal complexes occurs on the sub-nanosecond time scale.2 Steady state 
emission spectroscopy is used to probe this steady state via the energy and 
the intensity of the emitted light.
As with absorption spectroscopy the concentration of samples measured via 
emission spectroscopy must be moderated. Highly concentrated samples can 
be seen to reabsorb the emitted light leading to a decrease in the emission 
intensity. This is known as the inner filter effect. Weakly concentrated samples 
produce signals of such low intensity that the signal to noise ratio is 
troublesome.
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Temperature dependence is used in both the emission and lifetime 
measurements throughout this thesis. It is used to investigate the effect of the 
solvent environment on the excited state of the complex. Ridigochromatic 
studies involve varying temperature so as to limit the ability of the solvent to 
rearrange to accommodate the excited state. Studies have also used the 
rigidochromatic effect as a temporal probe as the evolution of solvent with 
temperature can be used as a model for the ultrafast relaxation of the 
solvent.3
Excitation wavelength dependence can also be used to probe the nature of the 
excited state. In general the coupling between excited states in transition 
metal complexes is isotropic.4 Therefore, excitation in any of the absorption 
bands should lead to the formation of the THEXI state. However, in some 
cases this does not occur which may indicate the presence of more that one 
emitting state or other modes of excited state deactivation.
Solvatochromatic measurements investigate the effect of solvent on the 
emission energy and intensity. The emission energy of a complex is dependent 
on the ability of the solvent to stabilise the newly - formed excited state. 
Solvatochromatic studies are used to probe the nature of the emitting state as 
charge transfer states (such as MLCT or LMCT), are greatly affected by solvent 
environment due to the large change in dipole on excited state formation.5 
Metal and ligand centred states show a smaller effect as the electron is not 
displaced to the same extent.
Unless otherwise stated, emission spectra were recorded at all temperatures 
using a Perkin-Elmer LS50-B Luminescence spectrophotometer interfaced with 
an Elonex-466 PC using Windows 3.1 based fluorescence data manager 
software. Emission and excitation slit widths were typically 3, 5 or 10 nm 
depending on the conditions. Measurements at 77 K were carried out in liquid 
nitrogen filled glass cryostat, with the sample held in a NMR tube. 
Measurements between 80 K and 280 K were carried out using an Oxford
56
Instruments liquid nitrogen cooled cryostat model 39426 controlled with an 
Oxford UC601 unit. Samples were held in a home-made quartz or glass 
cuvette. Spectra are uncorrected for photomultiplier response.
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2.2 Time Resolved Emission Techniques.
Time resolved measurements were undertaken in addition to steady state 
measurements. It is important to understand the relationship between steady 
state and the time resolved measurements. The intensity of a steady state 
emission, Iss, is given by Equation 2.2.
4  = \ lae T dt = I0r  Eqn. 2.2.
where I0 is the illumination intensity of a single pulse and t ,  the lifetime. It 
should be noted that Iss is the intensity under constant illumination and, as 
such, has arbitrary units while the pulsed irradiation has units of arbitrary units 
per second.
Steady state measurements are, therefore, an average of the time -  resolved 
phenomena over the intensity decay of the sample.6 Hence, extra information 
can be obtained from the time -  resolved measurements. While the control of 
excited state lifetime is now a goal in itself for catalytic and sensor 
applications, the lifetime and number of decays present in a sample provides 
valuable information on the processes occurring. The majority of time -  
resolved measurements are undertaken using Time Correlated Single Photon 
Counting.
2.2.1 N an o S eco n d  Time R eso lved  S ing le  P h o to n  C ounting .
An overview of the system is given in Figure 2.3. The system consists of two 
main parts -  the excitation source and the detection system. The excitation 
source is a nf900 nanoflash lamp which uses N2 as its filler gas. The 
characteristic spectral output from N2 gas is shown in Figure 2.1.
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Photon Output / a.u.
Wavelength / nm
Figure 2.1: S pectral Output of N2 Filler Ga s . Included for comparison are the spectra
o f  H2 and D2.
Figure 2.2 shows the electrical circuit of the flashlamp. A highly positive charge 
is applied to the anode of the spark gap by charging resistors R i and R2. The 
cathode of the spark gap is connected to the anode of the thyratron and has a 
similar potential due to resistor R3. The thyratron uses hydrogen gas as its 
switching medium. A gating pulse is sent to the grid of the thyratron which 
causes it to switch to its conducting state. The cathode of the spark gap is 
therefore grounded causing a large intergap voltage, which leads to a spark 
discharge. When the capacitance is discharged the anode current falls below 
its minimum holding value and the thyratron returns to its non-conducting 
state. The repetition rate is dependent on the time required for the thyratron 
and the spark gap to recover after conduction. As the intergap resistance 
increases the energy per flash and the flash duration increase, therefore this
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capacitance is kept at a minimum to ensure a high repetition rate. The typical 
pulse width (FWHM) obtainable using N2 filler gas is Ins allowing 
measurements as low as lOOps after deconvolution.
Ground
Thyratron Trigger 
Pulse
R , Q
Thyratron
R .
Capacitor
r
T + v
Figure 2.2: Electrical Circuit of Nanosecond Flashlamp.
Low temperature samples were dissolved in a 4:1 ethanol/methanol solution 
(Uvasol grade) to give a concentration ~10'5 M and cooled to 77K in a simple 
cryostat o f in-house design.
The mechanism of operation of the Single Photon Counter is described below 
and in Figure 2.3. A photon of light from the flashlamp travels via optical cable 
to the START detector. Upon receiving a signal at the START detector the TAC 
(Time to Analogue Converter) initiates a voltage ramp. Simultaneously, 
another photon of light passes through the excitation monochromator to select 
the excitation wavelength. Light at the selected wavelength is then absorbed
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by the sample. The re-emitted photon passes first through a filter and then 
through an emission monochromator to select the wavelength at which the 
lifetime is to be monitored.
The voltage ramp is halted when the STOP detector receives a photon of 
emitted light from the sample. Both the START and STOP detectors contain 
signal amplifiers, which may be varied to adjust the sensitivity o f the 
instrument. These signal amplifiers are related to the potential bias applied to 
the photomultiplier tubes and the lifespan of the tube may be reduced if too 
high a voltage is applied. The time range is split into 1024, 2048 or 4096 
channels depending on the chosen settings. Each of these channels is 
assigned a range of voltages corresponding to a certain time range. The multi 
channel analyser (MCA) records the number o f times a specific voltage is
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obtained in each of the channels. A spectrum of voltages, and hence time 
differences, is produced by the MCA memory and the experiment is terminated 
when a sufficient number of counts are collected. The number of counts 
collected depends on a number of factors:
• The signal to noise ratio.
• The number of decays in the sample.
• The presence of scatter from the sample.
Typically 1000 counts in the peak channel is sufficient to obtain a fit of good 
quality after data analysis(wcte infra).
The spectrum of voltages is directly related to the emission decay allowing for 
measurement of the lifetime. An initial time delay can be introduced to the 
measurement via a series of optical cable inside the TAC.
The STOP detector contains red sensitive S900-R photomultiplier. It has a 
working range of 160-870nm due to the use of quartz glass for its side 
window. This version is generally operated within a Peltier element cooled 
housing at 50 K below ambient temperature, so as to reduce the presence of 
dark counts.
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Two methods of data analysis are available using the F900 program Version 
6.24, provided with the Edinburgh Instruments CD/nF900. Reconvolution fit 
takes into account the finite nature of the excitation pulse and the fact that 
the sample decay may be convoluted with this initial rise time. The convolution 
integral (Equation 2.3) provides the mathematical relationship between the 
sample response function (X(t)), the instrument response function (E(t)) and 
the sample decay model(R(t));
X(t) = -  t')d? EQN. 2.3.
0
Reconvolution fit can be used to fully describe the data, apart from noise, 
including the rise of the signal, the initial part of the decay and the tail.
The second method of data analysis is the tail fit. When the tail fit method is 
used X(t) is considered equal to R(t). This method is only suitable for the 
region where there is no further sample signal growth, for example, by 
excitation pulse or excimer generation. Since the majority of the excited state 
lifetime measurements in this thesis are at low temperature, where the 
measured lifetime is far greater than the excitation pulse width, tail fit has 
been used unless otherwise stated. Tail fitting proved better able to cope with 
the scatter observed from the solvent at low temperature. This was done by 
reducing the range of the fitting to exclude scattered photons.
Once the method of fit has been decided, the lifetime of the excited state are 
obtained by fitting experimental decay to the equation;
-(-)
R(t) = A + Bie r' EQN. 2.4
where R(t) is the sample decay model, B| is the pre-exponential factor, ti is the 
characteristic lifetime and A is an additional background. The Marquardt-
2.2.2 Analysis of TCSPC Data.
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Levenberg algorithm is used to search for the best values of B| and v,. This 
iterative procedure minimises the value of the "goodness of fit", xg2, which is 
defined as
where k is the index of individual data points, Fk is the raw experimental data 
and Wk is the weighting factor for each data point. Data obtained by TCSPC is 
seen to obey Poisson noise statistics with the well-defined weighting factor of
The quality of the lifetime data obtained is judged primarily by two criteria: the 
reduced Chi-squared, x2, and the random nature of the residuals plot. The i 2 
value is obtained by dividing the goodness of fit by the number of free 
parameters, n (which is approximately the number of fitted points divided by 
the number of lifetime parameters used in the fit) and is shown in Equation 
2.6. Poisson distributed data have a theoretical limit of 1.0. Values above unity 
indicate a bad fit result, while %2 values below unity indicate a poor choice of 
fitting range. The F900 program also provides a graphical distribution of the 
residuals of this fitting procedure. These residuals are the difference between 
the fitted curve and the original data. This is inspected visually to ensure that 
the residual curve only contains random noise.
X g2 = ^ k\ x k - F k) Eqn. 2.5
w,
Eqn. 2.6.
A value for the Durbin-Watson parameter is also provided by the software. It 
is calculated using Equation 2.7.
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where nH and nL are the lower and upper limit of the fitting range 
respectively. Acceptable values vary for the number of exponentials 
investigated, with DW values of less than 1.7 and 1.75 indicative of poor fits to 
single and double exponentials, respectively.
2 . 2 . 3  P i c o S e c o n d  T i m e  R e s o l v e d  S i n g l e  P h o t o n  C o u n t i n g .
Picosecond time resolved Single Photon Counting measurements were 
undertaken at Rutherford Appleton Laboratories, Abingdon, UK.7 The principles 
of measurement and data analysis have already been explained for the 
nanosecond studies.
65
C h a p t e r  2  -  E x p e r i m e n t a l
2.3 Raman Spectroscopy.
Raman spectroscopy is a highly valuable analytical technique which uses laser 
radiation to probe the vibrational structure of molecules. Resonance Raman 
spectroscopy is particularly useful in inorganic chemistry as it exploits the 
resonance enhancement effect to investigate the moieties involved in 
electronic transitions. A more thorough description of the Raman spectroscopy 
and its theoretical background is provided in Chapter 1.
2 . 3 . 1  G r o u n d  S t a t e  R e s o n a n c e  R a m a n  S p e c t r o s c o p y .
A schematic showing the experimental setup employed for the ground state 
measurements using the Ar+ or Ti:Sapph lasers is shown below in Figure 2.4. 
For all experiments the Raman signal was collected at 180° to the incident 
beam and focused onto the entrance slit of a single-stage Jobin-Yvon HR640 
Spectrograph containing a holographic grating. (For experiments in the visible 
and ultraviolet spectral region, a 1200 l/mm grating was used.) A holographic 
notch filter (Kaiser Optics) was used to exclude Rayleigh (elastic laser light) 
scattering. The spectrograph was coupled to an Andor Technology open- 
electrode CCD detector (DV420-OE) thermoelectrically cooled to -45 °C to 
minimise any electronic background signal due to dark current in the silicon 
sensor. The Raman signal incident on the detector was observed on a PC 
which allowed the camera setting to be controlled by means of a PCI 
controller.
6 6
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Sample
t D — 3 H
▼
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Scattered light (Raman) beam path
SpectraPhysics A r +
Figure 2.4: Ground state experimental Raman setup.
2 . 3 . 2  E x c i t e d  S t a t e  R e s o n a n c e  R a m a n  S p e c t r o s c o p y .
Two pulsed laser systems were used singly or in tandem for the nanosecond 
excited state work presented here:
• Spectra Physics Q-switched Nd:YAG (Neodymium Yttrium Aluminium 
Garnet) laser, DCR-2
• Spectra Physics Q-switched Nd:YAG laser, GCR-3
Both lasers produce a fundamental output at 1064 nm (300 mJ max) with a 10 
ns pulse width at a repetition rate of 10 Hz. The optics produce a filled in 
circular beam cross-section with a smooth intensity profile which is almost 
Gaussian in appearance, ideal for uniform irradiation of sample. The DCR-2 
(Diffraction Coupled Resonator) was used as a pump laser in two-colour 
resonance Raman experiments. The GCR-3 (Gaussian Coupled Resonator), 
which has an additional amplifier stage and thus a higher maximum power 
output, was used as the excitation source for transient resonance Raman (TR2) 
and the probe for time-resolved resonance Raman (TR3) experiments ( vide 
infra).
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Non-linear optical processes were used to generate wavelengths which were in 
resonance with the absorption bands of the excited Ru(II) complexes. 
Frequency doubling to 532 nm occurred by passing the 1064nm beam through 
a crystal of potassium dideuterium phosphate (KDP). This was then mixed with 
the fundamental wavelength to obtain a beam at 355 nm. These wavelengths 
are then separated by a prism harmonic generator (Figure 2.5). The collinear 
beams are first passed through a Pellin-Broca prism which disperses the 
beams according to wavelength, a rooftop prism then turns the beams before 
a movable prism is used to select the desired wavelength.
F i g u r e  2.5: Prism Harmonic Separator.
The same apparatus was employed for the TR2 and TR3 experiments carried 
out for this work as shown in Figure 2.6 with only one laser being used in the 
transient resonance Raman experiments, and both being used for the time 
resolved measurements.
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F i g u r e  2.6: E x c i t e d  s t a t e  e x p e r i m e n t a l  R a m a n  s e t u p
TR2 is often referred to as single-colour excited state Raman as only one beam 
is used to excite and probe the sample under study. It is usually applied to a 
system which has some ground and excited state electronic absorption at the 
excitation laser wavelength, so the leading edge of the laser pulse can 
populate the excited state and the resonance Raman of this excited state can 
be probed by the trailing edge of the pulse. Photodecomposition of samples 
can be avoided by spinning the sample tube or for particularly photo-unstable 
complexes, a flow cell o f in-house design ( vide infra) is utilised ensuring that 
each pulse encounters a fresh volume of sample. Typically the solutions were 
approx. 1 x 103 - 5 x 1(T* M as this ensured a good signal to noise ratio while 
avoiding unduly long accumulation time.
The excitation source for the single-colour experiments was the Spectra- 
Physics GCR-3 pulsed laser operating at A,ex = 355 nm. For photostable 
compounds the sample was contained in a quartz NMR tube mounted in an air 
powered spinner. Measurement of photolabile complexes were done in a 
modified quartz NMR tube with a hole at the base and a small sample reservoir
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at the top which was used to allow continuous flow of the solution. A 45° 
scattering geometry (vide infra: Figure 2.7) was employed and the scattered 
radiation was passed through two focussing lenses and a polarisation 
scrambler before dispersion through a double spectrograph in which a filter 
stage was used to remove the Rayleigh line. The signal was then passed 
through a slit (set at 100 pm for normal acquisitions, at 30 ^m for calibration 
and 150 (j.m for signal optimisation) into a Spex 1870 single spectrograph 
which dispersed the Raman signal onto the Andor Technology ICCD detector 
(DH501).
2 . 3 . 3  N a n o s e c o n d  T i m e  R e s o l v e d  R e s o n a n c e  R a m a n  
S p e c t r o s c o p y .
TR3 or two-colour excited state Raman employs both the GCR and DCR lasers 
to pump and probe the sample. The wavelength of the pump beam is chosen 
to create a significant excited state population which may be probed after a 
variable time delay by a second beam which is selected to lie within an excited 
state electronic transition. Spatial overlap of the pulses at the sample was 
achieved using an aqueous solution of [Ru(bpy)3]CI2 which was highly 
fluorescent under both pump and probe beams ensuring the pump beam was 
slightly more diffuse and that the probe beam waist is contained within the 
pump beam. A small portion of each beam was split off to a photodiode 
coupled to a Tektronix digital oscilloscope (TDS 350) and the beams were 
aligned in time by using a Stanford Instruments digital pulse delay generator 
(DG-535) (DDG 1 in Figure 2.6). The time-delay between pump and probe 
pulses was also controlled using this delay generator for time-resolved studies.
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As mentioned above, a 45° scattering geometry was employed for these 
studies. This novel geometry, first devised by Dr. C.G. Coates o f the Queen's 
University o f Belfast laser Raman group, was favoured over a conventional 
180° or 90° arrangement as it allowed more flexibility than the 180° or 
backscattering setup. This was due to the use of separate focusing optics for 
the incident beams and scattered radiation, while a relatively high sample 
concentration could be adopted (relative to that required for the 90° method) 
because in this case re-absorption of scattered light is not critical.
2.3.4 Sample Geometry.
For studies involving photosensitive materials (such as [Ru(biq)2(Hpztr)]2+ 
studied in Chapter 5), a flow-cell was used in order to avoid sample 
decomposition. This was a quartz NMR tube with a wide reservoir at the top to 
store fresh solution and a narrow opening at the base to allow the solution to 
flow into a collection beaker below. The reservoir was topped-up as required 
throughout the accumulation.
Spectrometer
Figure 2.7: Sample G e o m e t r y
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2 . 3 . 5  P i c o s e c o n d  T i m e  R e s o l v e d  R e s o n a n c e  R a m a n  
S p e c t r o s c o p y .
Picosecond time resolved resonance Raman measurements were carried out at 
the Rutherford Appleton Laboratories. A schematic of the apparatus is shown 
below and a comprehensive description of the set-up may be found in 
literature.8
Kerr gate sample
Figure 2.8: P i c o s e c o n d  T ime R e s o l v e d  R e s o n a n c e  R a m a n  S e t u p .
A regenerative amplifier system supplies a 1 ps, 800 nm pulse with power 3 
mJ at a rate of 1 kHz which is frequency doubled to 400 nm. This pulse pumps 
the optical parametric amplifiers which are independently tuneable over a 
range of visible wavelengths. A software controlled optical delay line was used 
to vary the path length of the pump laser to provide time resolution. The Kerr 
gate, a 2 mm cell o f CS2 was used to reject sample fluorescence. A residual 
800 nm pulse induces a transient anisotropy of the Kerr medium giving rise to 
fast gating propertieswith a ~4 ps open/close time. The sample was 
continuously flowed so that the laser was incident on an open jet o f 500 nm 
diameter, requiring large sample volumes (~20 mL). As evaporation o f fhfe
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solvent used often occurred over the accumulation times, it was necessary to 
"top-up" the sample volume between cycles. The number of cycles recorded 
was varied and the time delays were randomised in order to check for photo­
degradation of the sample over the acquisition cycles.
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2.4 Time Resolved Absorption Techniques.
Time resolved absorption techniques have been used to investigate the 
formation of the THEXI state. These measurements provide information on the 
evolution of the excited state with time, while also giving the absorption 
spectra of the excited state complex to be probed by transient Raman 
measurements. These data help to interpret the TR2 and TR3 data in terms of 
resonance and pre-Resonance Raman spectroscopy.
2 . 4 . 1  N a n o s e c o n d  T r a n s i e n t  A b s o r p t i o n .
The setup used for these experiments has been described previously.9 
Excitation source for the samples was a continuously tunable (420nm-710nm) 
Coherent Infinity XPO laser, with an output power of typically less than 
5mJ/pulse and a repetition rate of 10Hz. The excited state was probed using a 
low pressure, high power EG&G FX-504 Xe lamp as a white light source. Probe 
light from both the signal and reference were collected by optical fibres and 
connected to a Acton Spectra Pro-150 spectrograph coupled with a Princeton 
Instruments ICCD-576-G/RB-EM gated intensified CCD camera. For these 
measurements the optical density of the sample was near 1 at the excitation 
wavelength of 355 nm.
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Sub-picosecond transient absorption spectroscopy experiments were 
performed on a Spectra-Physics Hurricane Titanium:Sapphire regenerative 
amplifier system at the University o f Amsterdam. An overview of the system is 
given in Figure 2.9. The optical bench assembly of the Hurricane includes a 
seeding laser (Mai Tai), a pulse stretcher, a Titanium:Sapphire regenerative 
amplifier, a Q-switched pump laser (Evolution) and a pulse compressor. The 
800 nm output of the laser is typically 1 mJ/pulse (130 fs) at a repetition rate 
of 1 kHz. A full-spectrum setup based on an Optical Parametric Amplifier 
(Spectra-Physics OPA 800) as pump and residual fundamental light (150 
pj/pulse) from the pump OPA was used for white light generation, which was 
detected with a CCD spectrometer. The white light generation was 
accomplished by focusing the fundamental (800 nm) into a H20  flow-through 
cell (10 mm).
2.4.2 Femtosecond Transient Absorption.
C C D  C am era
D elay  L ine C hopper
W hite  L ig h t G en era to r
B e rek  P o la rize r W hite  L igh t
L aser L igh t
F igure 2 .9 : S ub-P ico seco nd  T ransient  Abso rptio n  S et-U p
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2 .5 .1  H a r d w a r e  a n d  s o f t w a r e .
Calculations were carried out on an Intel Pentium IV 2.8GHz desktop computer 
with 1GB DDR RAM running Windows XP. Gaussian 03W10 was used to carry 
out all DFT calculations. Jobs were prepared and results were inspected using 
GaussView 3.011. GaussSum12 was used to monitor jobs, calculate density of 
states spectra, Raman spectra and calculate group contributions to molecular 
orbitals.
2 . 5 . 2  D e n s i t y  f u n c t i o n a l .
Becke's 3-parameter hybrid functional13 was used along with the correlation 
functional of Lee, Yang and Parr.14,15 This combination is denoted by B3LYP 
(see Section 1.1.4). The functional is described by the following equation:
£ xb03LYP =  (1 -  a)E'xS0A +  c tE f + bAE* +  (1 - c ) £ cLSDA +  c £ cLYP EQN. 2.7
Becke chose values for a, b and c (0.20, 0.72, and 0.81) that minimised the 
least-squares fit to 56 atomisation energies, 42 ionisation potentials and 8 
proton affinities of the G1 set of atoms and molecules. Although in his original 
paper Becke used the correlation functional PW9116, Stevens et a/}7 modified 
Becke's functional to use LYP instead, while retaining the original values of a, b 
and c.
2 . 5 . 3  B a s i s  s e t .
Most modern computational codes use the 'Basis Set Approximation' to solve 
the Schrödinger equation. This involves expressing the molecular orbitals as a 
linear combination of a set of mathematical functions called the basis set. An 
infinite basis set will give the best possible result for a given level of theory 
although, in practice, only a finite basis set is possible. A larger and more
2.5 Computational Details.
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flexible basis set is better able to describe the electron density of a molecule, 
and hence gives more accurate results. Generally, a trade-off between speed 
and accuracy is necessary, as there is a N4 dependence on the basis set size. 
In a system of the size of a ruthenium polypyridyl complex, a reasonable 
compromise is to use the LanL2DZ basis set and electron-core potential of 
Dunning, Hay and Wadt.
For the atoms C, H and N, LanL2DZ uses the Dunning/Huzinaga18 valence 
double-^ basis set. Following the usual notation for basis sets, H, C and N are 
described by (10s5p/4s)[3s2p/2s].
The treatment of heavy atoms (third row and lower) by LanL2DZ involves the 
use of a pseudopotential or effective core potential (ECP) for the core 
electrons.19 The ECP is an analytical function which is used to account for the 
effect of the combined nuclear-electronic core on the remaining electrons. This 
approach is justified by the fact that the inner electrons of a heavy atom are 
unimportant, in a chemical sense -  their spatial distribution and energies are 
largely unchanged when they form a chemical bond. In addition, relativistic 
effects, which are important for atoms as heavy as ruthenium, can be 'worked 
into' the ECP. These effects would otherwise be neglected. The LanL2DZ ECP 
accounts for the innermost 28 electrons of Ru ([Ar]3d10). The remaining 16 
electrons (4s24p64d75s1) are treated using a double-?; basis set. The name 
LanL2DZ comes from the fact that it uses the Los Alamos National Laboratory 
(LANL) ECPs along with a double-^ (DZ) basis set.
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2 . 5 . 4  S y m m e t r y .
The use of symmetry constraints is extremely useful in the computational 
study of inorganic complexes. The symmetry of a molecule can be constrained 
at the start, or the symmetry detected by Gaussian, can be used to reduce the 
effective degrees of freedom of a molecule and hence the number of steps 
required in a geometry optimisation. The calculation of energy is also speeded 
up as some integrals will be equal due to symmetry, while others will be zero 
due to the orthogonality of the irreducible representations. However, since all 
calculations in this thesis concern the asymmetric pyridinyl or pyrazinyl triazole 
ligand symmetry constraints have not been imposed. The symmetry calculated 
by Gaussian 03 has been used, which has been C l unless otherwise stated.
2 . 5 . 5  G e o m e t r y  o p t i m i s a t i o n .
The Berny algorithm is the default geometry optimisation algorithm for 
Gaussian 03. This algorithm is based upon a program by Schlegel20, although 
it has been considerably enhanced (see under keyword OPT  in Ref. 21, and 
references therein). The optimisation takes place in redundant internal 
coordinates regardless of the input format (Z-matrix or Cartesian coordinates). 
Redundant internal coordinates include all sets of internal coordinates (bond 
distances, angles and torsions) between atoms within bonding distance. In 
general, the number of such internal coordinates will be greater than the 
minimum of 3N-6 required to specify the structure of the molecule -  hence the 
name 'redundant'.
After each calculation of the energy, the algorithm moves the atoms slightly, 
based upon an analysis of the gradient vector (the vector of first derivatives of 
the energy with respect to each of the internal coordinates) and the Hessian 
(the matrix of second derivatives of the energy with respect to the internal 
coordinates). The energy is calculated again, and the cycle continues until a 
local minimum is found. Gaussian 03 concludes that a local minimum has been 
found if each of the following four criteria are met:
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1. the maximum force is less than 0.000450 hartrees/bohr
2. the RMS force is less than 0.000300 hartrees/bohr
3. the maximum displacement is less than 0.001800 bohr
4. the RMS displacement is less than 0.001200 bohr
Alternatively, if the forces are two orders of magnitude smaller than the 
threshold value, the geometry is considered to have converged irrespective of 
criteria 3 and 4. This facilitates optimisation of large molecules which may 
have a very flat potential energy surface around the minimum.
The threshold values listed above for each of the criteria are defaults. It is 
possible to specify tighter thresholds (Gaussian keyword OPT=TIGHT) for 
which the values are 0.000015 hartrees/bohr, 0.000010 hartrees/bohr, 
0.000060 bohr and 0.000040 bohr respectively. Use of the tighter thresholds is 
recommended for calculation of low frequency vibrational modes.21 When tight 
thresholds are specified for DFT calculations an ultrafine grid should also be 
used (see Section 2.5.6).
Difficulties in geometry convergence are often due to a poor guess for the 
Hessian, or force constant, matrix. In this case, calculation of the force 
constants by means of a frequency calculation can greatly reduce the number 
of steps required to reach an energy minimum. The Gaussian keywords, 
OPT=CALCFC (calculate the force constants for the initial geometry 
optimisation step), OPT=CALCALL (calculate the force constants before ever/ 
step), and OPT=READFC (read in the force constants from a frequency 
calculation, usually at a lower level of theory) are useful in this regard.
2 . 5 . 6  I n t e g r a t i o n  g r i d .
The exchange-correlation energy is calculated numerically by integration using 
a quadrature grid. The default, or 'fine', grid was used in most instances. This 
is a pruned (75,302) grid; that is, it is equivalent to having 75 radial shells and
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302 angular points per shell. Pruned grids are optimised to use the minimal 
number of points required to achieve a given level o f accuracy -  this grid uses 
about 7000 points per atom (instead of about 23000).
In some cases, either where the SCF or geometry had difficulty in converging 
or where tight thresholds were used for the geometry optimisation, an 
'ultrafine' grid was used (Gaussian keyword INT=ULTRAFINE). This is a 
pruned (99,590) grid, recommended for computing very low frequency modes 
o f systems (see the discussion of OPT=TIGHT\w Section 2.5.5).
The same integration grid should be used when comparing the energies of two 
molecules, and also when performing frequency calculations after a geometry 
optimisation.
2 . 5 . 7  G a u s s S u m .
GaussSum is a program written by Noel O'Boyle o f the Han Vos Research 
Group to parse the output o f two popular computational chemistry programs, 
Gaussian10 and GAMESS.22 In addition to rearranging the computed data into a 
more accessible format, it performs calculations on the data and can convolute 
spectra. GaussSum provides a graphical user interface to all of its functions 
and runs on Windows, Linux and MacOSX. It is written in Python and uses the 
plotting program Gnuplot23 for drawing graphs. GaussSum is open-source and 
is available for free from http://Qausssum.sourceforQe.net. Since January 
2004, there have been more than one thousand downloads of GaussSum 0.8.
GaussSum may be used to:
• monitor the progress of the self-consistent field (SCF) convergence
• monitor the progress of geometry optimisation
• display all lines in the log file containing a particular phrase
• extract molecular orbital information
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• calculate contributions of groups of atoms to each molecular orbital using 
Mulliken Population Analysis
• plot the density of states spectrum (and the partial density of states, in the 
case of groups of atoms)
• calculate and plot the crystal orbital overlap population (COOP)
• extract information on electronic transitions and plot the UV-Vis spectra
• calculate the change in the charge density corresponding to a particular 
UV-Vis transition
• create an electron density difference map, which can be used to visualise 
the change in electron density corresponding to a particular UV-Vis 
transition
• extract information on IR and Raman vibrations
• plot the IR and Raman spectra, which may be scaled using general or 
individual scaling factors
Throughout the computational studies carried out in this thesis, GaussSum has 
been used to monitor the progress of SCF and Geometry Optimisation. It has 
also been invaluable in the processing of the output data. Further information 
on GaussSum and its applications can be obtained from the website above and 
in the thesis of Noel O'Boyle.24
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H e t e r o l e p t i c  R u ( l l )  P o l y p y r i d y l  C o m p l e x e s
Chapter 3
The photophysical properties o f [Ru(bpy)s]2+ and a number o f similar complexes have 
been investigated using picosecond resonance Raman spectroscopy. These results 
show that the electronic structure o f [Ru(bpy)i]2+ is s till evolving up to 5Ops after 
in itia l excitation. This is not affected by deuteriation o f the ligands and is also 
observed fo r  the heteroleptic complexes [Ru(bpy)2(phpytr)J+ and [Ru(bpy)2(Hdcb)]+. 
These results do not agree with the conclusions reached from  other studies and 
highlight the extremely complicated nature o f  early stage processes in transition metal 
complexes. The results presented here are discussed in relation to those obtained in 
other studies, with an overview o f the issues which remain outstanding.
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The favourable photophysical properties of Ru(II) complexes lead to the 
possibility that they may play key roles in the construction of supramolecular 
systems.1 These systems, it is hoped, will be able to perform useful photo -  
and/or redox -  triggered processes such as light harvesting or information 
storage. The properties which show most promise are broad light absorption in 
the visible spectrum, stability in both the reduced and oxidised states and long 
-  lived charge transfer excited states at room temperature. The complex 
[Ru(bpy)3]2+ has been the subject of the majority of the studies in this area 
and is therefore the best understood of the Ru(II) complexes.
In recent years, interest has focussed on the complex [Ru(phen)2(dppz)]2+ 
(where dppz is dipyrido-[3,2-a:2',3'-c]phenazine). The source of this interest is 
its unusual "light -  switch" properties. This term refers to the fact that the 
complex is strongly emissive in non -  aqueous solvents while the emission 
virtually completely quenched in H20. Also of great interest is the ability of this 
complex to intercalate with DNA. This leads to strong phosphorescence, even 
in aqueous conditions, and hence has potential as a DNA sensor device. A 
large body of work has been dedicated to the investigation of the 
photophysical structure which leads to these emissive properties. Recent work 
has shown that solvent co-ordination and relaxation are involved in controlling 
the relative rates of radiative and non-radiative relaxation. Resonance Raman 
studies2 on this complex supported a previously proposed three state model 
(subsequently extended3,4) to explain the solvent-dependent excited state 
dynamics. For these studies [Ru(bpy)3]2+ was used as a reference with which 
the results of [Ru(phen)2(dppz)]2+ could be compared. However, during the 
course of this work several observations suggested that the early picosecond 
photophysics associated with [Ru(bpy)3]2+ should be re - examined.5 The 
work on dppz containing complexes is also highlighted here as the work was 
carried out simultaneously with that of [Ru(bpy)3]2+ and it helps to emphasise
3.1 Introduction.
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the importance of resonance Raman spectroscopy in probing ultrafast 
processes. It is also an example of a heteroleptic complex in which there is the 
possibility of emission from two chromphores like [Ru(bpy)2(phpytr)]+, which 
has been studied in the present work (vide infra).
[Ru(bpy)3]2+ has long been regarded as a paradigm species with respect to 
the spectroscopy and photophysics of transition metal complexes, and 
continues to be the subject of a considerable number of publications.6 Until 
relatively recently the majority of studies have focussed on the lowest 
thermally equilibrated excited (THEXI) state (i.e. 3MLCT manifold).7 Over the 
last decade, advances in laser technology and analytical techniques have lead 
to a resurgent interest in complexes that, previously, were considered to be 
fully understood. The photophysical behaviour of the emitting triplet state is 
well understood (see section 1.3.1.4), but much less is known about the 
events that lead to its formation. The processes, which occur in the time 
interval between excitation to the Frank-Condon state and relaxation to the 
THEXI states, have received an increasing amount of attention,8 not least due 
to the recognition that significant photochemical processes such as charge 
injection in photovoltaic cells9 (vide infra) and energy transfer in multinuclear 
complexes can occur via states lying higher than the THEXI states.10 
Understanding the factors which influence these early processes can therefore 
lead to greater control in the formation of long-lived charged separated 
species. Investigations into the early time photophysical properties of 
[Ru(bpy)3]2+ and its analogues have been undertaken using a variety of 
techniques.8,11,12 Due to the relevance of these results to the present study, 
these studies are thoroughly reviewed in the discussion, section 3.4. The 
results in the present chapter primarily concern the ultrafast photophysics of 
[Ru(bpy)3]2+, however the complexes [Ru(bpy)2(phpytr)]+ and 
[Ru(bpy)2(Hdcb)]+ (where phpytr is 2,-(5'-phenyl-4'-[l,2,4]triazole-3'- 
yl)pyridine and deb is 4,4'-dicarboxy 2,2'-bipyridine) are also investigated.
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Figure 3.1: S t r u c t u r e s  o f  t h e  C o m p l e x e s  D i s c u s s e d in t h e  T e x t .
The properties of Ru(II) complexes containing a triazole moiety has been an 
area of intense research by Vos and co-workers. An extensive review of the 
chemistry of complexes of this type is presented in Chapter 1, however an 
oven/iew of the photophysics is presented here. Triazole containing complexes 
are analogous to [Ru(bpy)3]2+ with one pyridine moiety substituted for a 
triazole. The greater a -  donor properties of the triazole leads to an increase 
in the 3MLCT -  3MC energy gap, while the enhanced electron density of the 
triazole results in a splitting of the degeneracy of the ligand orbitals.13 This has 
resulted in a number of interesting photophysical properties, such as the dual 
emission14 observed for [Ru(bpy)2(pztr)]+ (where pztr is 2'-(l,2,4-triazol-3-yl)- 
pyrazine), and the pH dependent photostability of [Ru(biq)2(pytr)]+ (where biq 
is 2,2'-biquinoline and pytr is 2'-(l,2,4-triazol-3-yl)-pyridine).15 Triazole 
containing complexes offer a range of synthetic possibilities due to the ability 
to substitute the ligand with a variety of moieties at various positions.13 The 
presence of a free nitrogen on the triazole moiety also allows for pH 
dependent photo -  physical and -  chemical properties. The present work 
represents the first studies of the ultrafast photophysics in complexes of this 
type. The main reason for the inclusion of the triazole containing complex in 
the present study is that the ability to control the 3MC -  3MLCT energy gap 
(and the subsequent changes in excited state lifetime) via pH allows the 
investigation of the effect of this property on the ultrafast photophyiscs of the 
Ru(II) complex.
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Ru(II) complexes containing pendant carboxylate groups have been a source 
of interest for many research groups due to their potential application in solar 
cells. The ability of the carboxylate groups to attach to T i02 surfaces leads to 
long -  lived, light -  driven charge separation.15 After light absorption a charge 
separated excited state is formed, however in solution phase emission of a 
photon results in charge recombination on the nanosecond time scale. When a 
photoactive molecule is attached to a surface there is the potential for charge 
injection into the surface. This charge injection isolates the oxidised metal 
centre and the electron, and hence results in the harvesting of the light 
energy. Studies on the rate of charge transfer to surfaces have shown that 
this process occurs on the sub picosecond time scale.16 In order to optimise 
the light harvesting ability of the complexes of interest, data are required on 
their electronic states at these very early times. These charge injection 
processes most likely occur from the Franck -  Condon states in the excited 
molecules and not from the thermally equilibrated MLCT structures. The 
investigation of [Ru(bpy)2(Hdcb)]+, on the pico -  and femto -  second time 
scale have allowed increased understanding of the factors which serve to 
increase the efficiency of the injection process and reduce the rate of charge 
recombination. The present work uses picosecond time resolved Raman 
spectroscopy to probe these processes in free solution to gain further insight 
into the early processes which may be linked to the charge injection.
In the present work, as in much of the other photophysical studies of this 
thesis, deuteriation plays a significant role. The effect of deuteriation on 
vibrational spectroscopy was first highlighted by Yersin.17 Deuteriation of 
ligands causes a shift and change in intensity of the bands due to these 
ligands. Not only does this sometimes (though not always) result in the 
simplification of the spectra but may also facilitate the assignment of 
vibrational bands. However, as we have noted in other studies (see Chapter 
4), deuteriation also appears to occasionally cause a reduction in the signal / 
noise ratio of the spectra. Deuteriation has proved a valuable synthetic tool as
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particularly for multi -  nuclear asymmetric complexes,
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[Ru(bpy)3](PF6)2, [Ru(bpy)3]CI2, and their deuteriated analogues were 
obtained from Complex Solutions, Dublin City University, Glasnevin, Dublin 9 
and were used without further purification. [Ru(bpy)2(phpytr)]+ and 
[Ru(bpy)2(Hdcb)]+ were obtained from Dr. Wesley Browne, Dublin City 
University.
Resonance Raman spectra were calibrated using an acetol (acetonitrile: 
toluene 1:1) solution. The prominent peaks in these spectra were compared to 
those in a reference spectrum. A graph of pixel number vs wavenumber was 
drawn and a calibration line in the form of y = mx + c obtained. The correct 
wavenumber in each spectrum was then calculated using this formula. A 
separate calibration line was constructed for each probe wavelength used. 
This processing was performed using Microsoft Excel with the spectra then 
saved with the .prn extension. These spectra were converted to .spc files 
using a DOS-based program SpectroCalc. All subtractions were carried using 
out GRAMS /32 version 5.03, unless otherwise stated. In a number of spectra 
a calibration error has occurred leading to the spectra being shifted to a lower 
frequency by approx. 77 cm'1. The captions of these spectra are followed by 
an asterix(*). A comparison of the intensity profile of a sample spectra of 
[Ru(bpy)3]2+ and a related complex ([Ru(bpy)2(bpt)]+) is provided in Appendix 
A-10, with a table of the band shifts shown in Appendix A - ll.
Spectral subtractions involved in the first instance subtraction of the solvent 
only spectra (where available) at the corresponding pump and probe 
wavelength. The ground state (-20 ps) sample spectra were then subtracted 
to leave the excited state only spectra. It is important to note that the 
presence of ground state bands due to neutral bpy° bands in the localised 
[Ru(III)(bpy°)2(bpy")]2+ excited state may lead to the over-subtraction of the 
ground state spectra. To account for this, a note was kept of the ration of
3.2 Experimental.
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subtraction of each spectra and this ratio was matched for spectra were 
possible. In some cases the spectra which represented the fully evolved THEXI 
state (such as at 300 ps) were also subtracted. These subtractions are 
referred to as excited state subtractions and were done in an attempt to 
uncover any bands due to a precursor state. This approach proved to be 
particularly effective in the investigation of the excited state photophyiscs of 
[Ru(phen)2(dppz)]2+.2
The results were obtained during a number of visits to Rutherford Appleton 
Laboratories, Abingdon, England by investigators of the John McGarvey 
Research Group (JMcGRG) of the Queen's University of Belfast. Previous work 
on the processing of the spectra has been carried out by other researchers in 
the JMcGRG (mostly Dr. Colin Coates) and some of these results have been 
incorporated into the present work. Such data are presented as black and 
white spectra and are clearly identified by (DCC) at the end of the caption. 
Where possible the spectra have been re-processed to ensure consistency in 
the methods employed.
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The primary focus of this chapter concerns the ultrafast photophysics of 
[Ru(bpy)3]2+ and its deuteriated analogues as observed by Time Resolved 
Resonance Raman (TR3) spectroscopy. Studies have also been carried out on 
the Time Resolved Luminescence (TRL) of this complex and these results are 
included to support the TR3 measurements. The generality of the effects 
observed for polypyridyl transition metal complexes is explored in two 
heteroleptic ruthenium complexes, [Ru(bpy)2(LL)]+ (where LL is phpytr and 
Hdcb).
3 . 3 . 1  O v e r v i e w  o f  P i c o s e c o n d  T i m e  R e s o l v e d  L u m i n e s c e n c e  ( p s -  
T R L )  S p e c t r o s c o p y  R e s u l t s .
Previous work by the JMcGRG showed a high energy emission at 520 nm from 
the complex [Ru(bpy)3]2+, which was seen to decay within < 3 ps.5 Figure 3.2, 
which is reproduced from the published work, shows the time resolved 
luminescence spectra observed for [Ru(bpy)3]2+ in acetonitrile. The presence 
of an emission at 520 nm is clearly observable as is the lower energy emission 
(at 610nm) which persists into the nanosecond time scale. These studies also 
showed that deuteriation of the ligands on the complexes led to an increase in 
the lifetime to beyond 200 ps. As pointed out in a later communication, further 
studies carried out on complexes synthesised by a different method have, 
however, shown that this increased lifetime is not due to emission from the 
complex but from another source.18 Although these results confirm the 
presence of a high energy emission (< 520 nm), they raise doubts about the 
effect of deuteriation. Extensive studies have been carried out in order to 
confirm the nature of the deuteriation dependent emission, however so far 
they have not been successful. Interestingly, recent work by McFarland eta!}2 
has also noted the observation of a similar 'unidentified' emission, with a 
lifetime comparable to that observed in our studies. Studies have been carried
3.3 Results.
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out on corresponding Fe(II) and Os(II) tris homoleptic complexes, as well as 
the free ligand and it has been confirmed that these are not the source of the 
emission. Due to the susceptibility o f luminescence measurement to small 
impurities every effort has been made to minimise this possibility by repeated 
purification steps and the use of samples from independently produced 
batches.
W ave leng th  (nm)
Figure 3.2: Time Resolved Luminescence of [Ru(bpy)3]2+ in acetonitrile. reproduced from
REFERENCE.5
3 . 3 . 2  O v e r v i e w  o f  P i c o s e c o n d  T i m e  r e s o l v e d  r e s o n a n c e  R a m a n  
( p s - T R 3) R e s u l t s .
Pico-second time resolved resonance Raman spectroscopy has been used to 
investigate the early photophysical properties of transition metal complexes. 
The majority o f the studies have been carried out on [Ru(bpy)3]2+ as it is a 
paradigm for the study of other complexes and its orbital structure is better 
understood than its counterparts. The Raman spectroscopy of [Ru(bpy)3]2+ is 
presented first. The effect of solvent and counter -  ion have also been 
investigated. Anti -  Stokes measurements have also been attempted (for more 
information see s e c t io n  3.3.3.3). The effect o f deuteriation on [Ru(bpy)3]2+ is 
investigated in s e c t io n  3.3.3.4. Next the time resolved spectra of the
9 3
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heteroleptic complexes are presented. Firstly, the spectra of [Ru(bpy)- 
2(phpytr)]+ are given followed by the spectra of [Ru(bpy)2(Hdcb)]+. For the 
complex [Ru(bpy)2(phpytr)]+ the triazole moiety in the asymmetric ligand of 
this complex can be protonated and therefore spectra have been recorded in 
both basic and acidic conditions. For the complex [Ru(bpy)2(Hdcb)]+ there is 
the possibility of the carboxylic acid moiety to be protonated or deprotonated. 
These measurements have been recorded in solutions at pH 2, which is the 
monoprotonated form in both the ground and excited states.19 Studies of the 
ultrafast Raman spectroscopy of [Fe(bpy)3]2+ and [Os(bpy)3]2+ have also been 
carried out. As these results were found not be directly related to the 
discussions regarding the photophysics of the Ru(II) complexes they can be 
found in Appendix A. These results have, however, confirmed that the results 
presented here are not due to experimental artifacts.
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The ps-TR3 spectra of [Ru(bpy)3]2+ were recorded using several combinations 
of pump and probe wavelengths to investigate the effect of pumping on 
excited state formation and resonance at each probe wavelength with the 
excited state formed. The pump and probe wavelengths used where 255/390, 
390/390, 400/350, 410/475, 400/530 nm respectively. Also investigated were 
the effects of deuteriation and the counterion, and the anti -  Stokes spectra.
3.3.3.1 E ffect o f Pum p and P robe  W avelength .
Figure 3.3 shows [Ru(bpy)3]2+ with pump at 400 nm, probe at 350 nm and 
with acetonitrile as the solvent. Both solvent and ground state are subtracted 
in the spectra. The kinetics of the peaks observed at 1145, 1220 and 1468 cm' 
1 have also been plotted. The grow-in of all three bands occur on the 
picosecond timescale. The bands are seen to grow in intensity up to 50 ps, 
with no change in intensity observed after this time. It is difficult to accurately 
determine the time taken for the excited state bands to be fully formed. This is 
due to the number of points available for the kinetics and also the variation in 
the signal to noise ratio between sets of spectra. The time taken for formation 
of the steady state spectra is seen to be approximately 50 ps, however, this 
figure is not definitive. It is an attempt to reflect the overall trends of the 
kinetics and that time taken is longer than the femtosecond timescale but 
appears shorter than 100's of picoseconds time range.
3.3.3 ps-TR3 on [Ru(bpy)3]2+.
9 5
C h a p t e r  3  -  [ R u ( b p y ) 3 ] 2 +
♦
Tim e Delay (ps)
150 ps
50 ps
30 ps 20 ps 15 ps 10 ps
8ps
6 ps 2 ps Ops
1100 1200 1300
Raman Shift (cm "')
1400 1500 1600
Figure 3.3: [Ru (b p y )3]Cl2 in a c e t o n i t r i l e  w i t h  p u m p  a t  400 n m  a n d  p r o b e  a t  350 n m . T h e  
INSET S H O W S  THE KINETICS OF BANDS AT 1145, 1220 & 1468 CM'1. *
Shown in Appendix A - l are the spectra of [Ru(bpy)3]2+ in H20  with the same 
pump and probe combination. These spectra again show a growth of the 
steady state spectrum on a 50 ps timescale.
Spectra were also recorded using a 475 nm probe wavelength, in order to be 
in resonance with the lower energy transition of 3MLCT (Figure 3.4). From 
previous experience20 with ns-TR3, a less rich excited state spectrum of the 
3MLCT state at this wavelength, the most prominent bpy' feature appearing at 
~ 1500 cm'1. The corresponding spectra in D20  are given in Appendix A-2. The 
most prominent feature observed is around 1500 cm'1, as expected. The 
kinetics o f this band are also shown and indicate that the grow in of the 
steady state spectrum occurs over the first 20 - 50 ps. Subtraction of the -20 
ps spectra yields pure excited state spectra with a good signal to noise ratio. 
Also apparent is a band at very early times at 1476 cm'^ vide in fra ) .  This is 
quite apparent at 2 ps, before the characteristic 1500 c m 1 appears at 4 ps. 
This feature is also illustrated in the excited state subtracted spectra in Figure
3.5
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Figure 3.4: (Left) Spectra of [Ru(bpy)3]2+ with pump at 400 nm and probe at 475 nm in H20  
and (Right) Kinetics between (Top) 0 -  1 OOps and (Bottom) 0 -  1500 ps . (DCC)
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Figure 3.5: Excited S ta te  Subtracted Spectra fo r  [Ru(bpy)3]2+ with Pump a t 400 nm and 
Probe a t 475 nm in H20. (DCC)
Figure 3.5 highlights the pure excited state spectra in the early time range of 
[Ru(bpy)3]2+ and also gives the spectra after excited state (50 ps) subtraction. 
A band is observed at 1472 cm'1 which appears earlier than the grow -  in of
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the steady state. This band appears to be an artefact of the system, however, 
as it is not present in other spectra (see Figure 3.6 for example).
It is known through nanosecond transient absorption studies and time 
resolved resonance Raman, that there is a further distinct 3MLCT transition of 
[Ru(bpy)3]2+ in the wavelength region beyond 500 nm.8,21 Spectra were 
therefore measured with 530 nm probe wavelength and a 400 nm pump. 
These spectra are shown in Appendix A-3. The signal to noise ratio of the 
spectra was quite poor indicating either ineffective pumping (although pump 
wavelength is same as before) and/or relatively weak resonance with the 
excited state(s) at this probe wavelength. However, it is possible to make out 
a profile change over early time, which seems to reflect that which was 
observed at 475 nm probe (Figure 3.5).
The pump wavelength was next moved to the red so as to see the effect of 
reduced energy in the ^ LC T  in the Franck -  Condon state. This results in the 
excited state having less vibrational energy when it is initially formed. At this 
pump wavelength the excited state is formed with less excess energy due to 
the reduced energy of the excitation photon.
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Raman Shift (cm1)
Figure 3.6: [Ru(bpy)3]Cl2 with Pump a t  410 nm and Probe a t  475 nm in D20 . A lso  show n a t  
THE KINETICS OF BAND AT 1475CM'1. *
Figure 3.6 shows the excited state spectra of [Ru(bpy)3]2+ with the pump 
wavelength at 410 nm and probe wavelength at 475 nm. The most intense 
band in the spectra is observed at 1475 cm-1. The kinetics of this band show 
that no further growth is apparent after 50 ps. Further spectra of [Ru(bpy)3]2+ 
in D20  with pump at 410 nm and probe at 475 nm are given in Appendix A-2 
and the results are in agreement with those shown in Figure 3.6.
Spectra were also recorded with 390 nm pump and probe. Due to overlap 
between the pump and the probe pulses the earliest time which could be 
considered was 4 ps (outside the cross-correlation time). These spectra are 
given in Figure 3.7.
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Figure 3.7: Pure Excited State [Ru(bpy)3]2+ in H20 with pump and probe at 390 nm. (DCC)
Further spectra recorded with a 265 nm pump and a 400 nm probe are given 
in Appendix A-5. At this wavelength a poor signal -  to -  noise ratio is found 
and little conclusion can be drawn about the rate of THEXI state formation. 
Solvent Dependence of [Ru(bpy)3]2+
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Figure 3.8: kine tic s o f  b a n d  a t  1 4 7 3  c m '1 in a  s e r i e s o f  a l c o h o l s .
The solvent dependence of the time required for the formation of the steady 
state (THEXI) spectra were investigated for a series of alcohols, acetonitrile 
and deuteriated solvents. Figure 3.8 shows the kinetics o f excited state grow- 
in of [Ru(bpy)3]2+ in 4 alcohols with pump at 410 nm and probe at 475 nm. It 
is apparent that over the series of alcohols that the rise time of this signal is 
approximately constant despite the very different viscosities, dielectric 
constants and thermal diffusivities.22
Figure 3.9 and Figure 3.10 give an example of the spectra and kinetics 
obtained in hexanol. As shown in Figure 3.10 the formation of the steady state 
is complete by 50 ps.
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Raman Shift (cm '1)
F ig u r e  3.9: Time Resolved Excited State Resonance Raman of [Ru(bpy)3]2+ in 1-hexanol;
P U M P A T 4 0 0 N M , P R O B E  A T 4 7 5 N M . *
F ig u r e  3.10: Kinetics o f  Excited S ta te  Formation a t  1475 cm'1 in 1-hexanol. Top show s  
THE FIRST 80 PS A N D  BOTTOM GIVES THE TIME RANGE F R O M  0 -  300 PS.
Appendix A-3 shows the non-normalised pure excited state spectra am& 
corresponding kinetic plot o f the excited state 3MLCT grow-ln over early times,
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recorded for [Ru(bpy)3]2+ in hexanol solvent. This is useful in comparison to 
Figure 3.9 and Figure 3.10 which are also in 1-hexanol but using a different 
probe wavelength.
Figure 3.11 shows the TR3 spectra of [Ru(bpy)3]2+ in acetonitrile and H20 with 
pump at 400 nm and probe at 350 nm.
Figure 3.11: (Le f t)Sp e c t r a  o f  [Ru (b p y )3]2+ in ac et o n i t r i l e w i t h  p u m p  a t  400 n m  a n d  p r o b e
AT 350 NM AND (RIGHT) THE RESULTANT KINETICS IN ACETONITRILE AND H20. (DCC)
These kinetics show that the time required to reach maximum intensity is 
approximately the same for the two solvents.
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The effect of counter-ion on early photophysics was also investigated. 
[Ru(bpy)3]2+ was prepared with chloride and hexafluorophosphate counter 
ions. Figure 3.12 compares Cl and PF6 counterions, albeit in different 
solvents. The grow-in process is again complete after 50 ps, irrespective of 
the counterion. Therefore, no significant counter ion dependence was 
observed on the kinetics of the grow-in of the 3MLCT state. The results 
suggest that significant ion -  pairing effects are not involved in the processes 
observed.
3 .3 .3 .2  C o u n ter io n  D e p e n d e n c e  o f  [R u (b p y )3]2+ P h o to p h y s ic s .
Figure 3.12: Kinetics of [Ru(bpy)3]Cl2 in hexanol and [Ru(bpy)3](PF6)2 in d3-ACN with pump 
AT 410 N M  AND PROBE 475 NM.
3 . 3 . 3 . 3  A n t i  -  S t o k e s  o f  [ R u ( b p y ) 3]2+.
In order to examine the time taken to obtain the steady state spectra further, 
anti-Stokes measurements were attempted. It was hoped that the growth of 
the Stokes bands would be mirrored by a concomitant decrease in anti -  
Stokes bands. This would provide strong support for a vibrational cooling 
mechanism on the picosecond timescale as anti -  Stokes bands occur from
1 0 4
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vibrationally excited states. These states would be depleting as the lowest 
vibrational state (from which the Stokes bands occur) is being formed. 
However, due to the weak nature of anti-Stokes bands and the overlap of 
anti-Stokes bands with pump Stokes bands, the quality of the spectra were 
insufficient to provide further information. The overlap of Stokes bands from 
the pump laser with the anti -  Stokes bands from the probe is an important 
experimental consideration when planning two -  colour anti -  Stokes 
measurements.
3 . 3 . 3 . 4  [ R u ( d 8- b p y ) 3 ]2+.
The spectra of the fully deuteriated analogue of [Ru(bpy)3]2+ were also 
investigated. The effect of deuteriation on vibrational spectra is well known17 
and is a useful probe in photophysical measurements. Briefly, the increased 
mass of deuterium relative to hydrogen leads to a shift in the location of 
bands due to the deuteriated ligand in vibrational measurements. In general, 
a shift to lower wavenumbers is expected on the basis of a simple reduced 
mass effect. In excited state lifetime measurements, deuteriation leads to a 
reduction in the contribution of high frequency C -  H vibrations of the 
ligand.23 Deuteriation of the ligand on which the excited state is based results 
in a reduction in the rate of non -  radiative deactivation and hence the 
excited state lifetime increases. Deuteriation of a spectator ligand has no 
effect on the excited state lifetime and therefore selective deuteriation can be 
used to aid in the investigation of the location of the excited state energy.
[Ru(d8-bpy)3]Cl2 was investigated with the pump at 410 nm and a probe 
wavelength of 470 nm. The results are presented in Appendix A-6 with the 
ground state (-20 ps) subtracted to show the pure excited state spectra. The 
grow -  in of a band at 1445 cm'1 is visible, however due to the large 
fluorescent background observed in the spectra accurate kinetic data was 
unobtainable.
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Further measurements of the photophysical properties of [Ru(d8-bpy)3]Cl2 
where carried out using a pump wavelength of 400 nm and a probe at 350 
nm. The resulting pure excited state spectra in d3-acetonitrile are give in 
Figure 3.13.
Raman Shift (cm'1)
F ig u r e  3.13: Excited state spectra of [Ru(d8-bpy)3]CL2 in d3-ACN with pump at 400 n m  a n d  
PROBE AT 350 NM. *
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F ig u r e  3.14: K in etics o f  [Ru (d 8-b p y )3]Cl2 in d3-AcN p u m p  a t  400 n m  / p r o b e  a t  350 n m . t h e
TOP PICUTRE IS BETWEEN 0 AND 600 PS WHILE THE BOTTOM S H O W S  THE 0 -  60 PS TIME FRAME.
A number o f bands are visible at 1469, 1416, 1265, 1219 and 1143 crrf1. The 
kinetics of these peaks are given in Figure 3.14. The majority o f the bands 
appear to have reached maximum intensity after 50 ps. This is especially clear 
in the kinetics o f the 1265 cm'1 band (the yellow triangle).
The spectra of [Ru(d8-bpy)3](PF6)2 were also investigated in d3-acetonitrile 
with pump at 400 nm and a probe wavelength of 350 nm, and in D20  with 
pump at 410 nm and probe at 470 nm. However in both of these sets of 
spectra there was a strong fluorescent background and it was not possible to 
obtain any information about the complex (for example see Appendix A-6).
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The spectra of the complex [Ru(d8-bpy)2(bpy)]2+ was investigated with a 
pump at 410 nm and a probe at 470 nm. Figure 3.15 shows the kinetics of 
the two bands observed at 1440 and 1461 cm'1 Again it is seen that the 
growth in intensity is completed after 50 ps.
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Figure 3.15: Kinetics of [Ru(D8-bpy)2(bpy)] in D20 with P u m p  at 410 and probe at 470 nm.
Figure 3.16 shows the spectra of [Ru(d8-bpy)(bpy)2]2+ in H20  with pump at 
400 nm and probe at 350 nm. The kinetics o f the grow in of the steady state 
spectrum is given in Figure 3.17. Again it is apparent that the grow in occurs 
within 50 ps.
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Figure 3.16: S p ectra  o f  [Ru(d8-bpy)(bpy)2]2+ in H20  w i t h  pump a t  400 nm and probe a t  350
NM.*
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F ig u r e  3.17: Kinetics of  Bands  o bserv ed  for  [Ru(d8-bpy)(bpy)2]2+ in H20  with pump at 400 
NM AND PROBE AT 350 NM.
3 . 3 . 4  [ R u ( b p y ) 2( p h p y t r ) ] n+ .
Picosecond time resolved resonance Raman measurements have also been 
used to investigate the early stage photophysics of Ru(II) complexes with a 
triazole containing ligand. The strong a -  donor ability of the triazole moiety 
leads to interesting photophysics in complexes o f this type.14 This a  -  donor 
ability also changes the energy gap between the 3MLCT and 3MC, and the 
effect o f these changes can be used to gain further insight into the nature of 
the ultrafast processes occurring. The presence of a free nitrogen on the 
triazole moiety allows pH dependent photo -  physics and chemistry to occur.
110
C h a p t e r  3  -  [ R u ( b p y ) 3 ] 2+
Firstly, the spectra of the deprotonated pyridine triazole complex were 
investigated with a pump wavelength of 400 nm and a probe wavelength of 
350 nm, F ig u re  3.18 and 3.18 show the excited state spectra and kinetics of 
[Ru(bpy)2(phpytr)]+ in H20  and acetonitrile. The 3MLCT state of this complex 
is bpy-based, hence characteristic bpy'* features are observable at 1213, 1287 
and 1503 cm'1. Also observed is the grow-in of the excited state features at 
early times, analogous to that observed for [Ru(bpy)3]2+ . Plotting of the 
relative intensity of the 1288 cm'1 peak shows a grow-in which is complete 
within ~ 50 ps.
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Figure 3.18: Resonance Raman S pectra and kinetics of [Ru(bpy)2(phpytr)]+ in H20  with 
PUMP AT 400 NM AND PROBE AT 350 NM. (DCC)
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Figure 3.19: K inetics o f  [Ru (b p y )2(p h p y t r )]+ IN H20  w i t h  p u m p  a t  400 n m  a n d  p r o b e a t  350 
n m ., (Le f t ) b e t w e e n  0 a n d  1500 p s  a n d  (Ri g h t) b e t w e e n  0 a n d  50 p s . (DCC)
Subtractions of the fully evolved excited state spectra (150 ps) from that of 
the early times were also made to investigate the presence of a precursor 
state. However the results did not conclusively show any changes, other than 
in intensity, over the time scale of the experiment.
Next the complex was protonated by the addition of trifluoroacetlc acid and 
the spectra re-measured with the pump at 400 nm and the probe at 350 nm. 
These results are given in Figure 3.20. The kinetics show that the rise time of 
the bands remain unaffected and growth is complete by 50 ps. However, a 
decay in the bands can also be observed in experiments over a 3 ns time 
range. This is due to the reduction in the excited state lifetime in complexes 
containing a pyridine triazole ligand upon protonation.24,#
" The accuracy o f the intensities obtained in the nanosecond time range are not wholly reliable due to 
he potential for instrumental drift. However, this decrease in excited state lifetim e has been previously 
observed in our laboratory by time correlated single photon counting.
112
C h a p t e r  3  -  [ R u ( b p y ) 3 ] 2 +
1200 1-100 1 GOO 1800
Rtuntin S h in  /  o i t r1
i j
¡73
2 p v £
a IU,
V *
9M 41
a:
1 0 |>M if
2 0 | i v
H O
S  0 ( i i i 120
♦
l O O p » 100
1 f lO p » 1
*0
€0
5 0 0 p m 4$
1 9 0 0 p s 2C
. V > 0 0 | ) f
0 __
™ XI -<0 ft'
Time Delay/ps
1000 »00 4000Tinti Dvluypi 4000
F ig u re  3.20: S p e c t r a ( L e f t )  a n d  k in e tic s  ( r ig h t)  o f  [Ru(bpy)2(H p h p y tr)]2+ in CD3CN w ith  
PUMP AT 400 NM AND PROBE AT 350 NM. THE RIGHT TOP KINETICS GIVES THE 0 -  50 PS TIME 
RANGE WHILE THE RIGHT BOTTOM KINETICS ARE BETWEEN 0 AND 3000 PS.(DCC)
The deuteriated analogue of the complex investigated above was also 
investigated with a 400 nm and 350 nm pump and probe wavelength, 
respectively, in d3-acetonitrile. Appendix A-7 shows the kinetics of 1339 cm'1 
band of [Ru(ds-bpy)2(phpytr)]+ in acetonitrile. Again these spectra show a 
grow -  in of the steady state spectrum on the picosecond timescale. Further 
results for this complex are presented in Figure 3.21 and Figure 3.22.
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Figure 3.21: [Ru (d 8-b p y )2(p h p y t r )]+ in d 3-Ac n  w i t h  P u m p  a t  400 n m  a n d  P r o b e  a t  350 n m . *
Figure 3.21 shows the spectra of [Ru(d8-bpy)2(phpytr)]+ in acetonitrile with 
pump at 400 nm and probe at 350 nm. Two peaks are visible in the spectra of 
at 1256 and 1399 cm'1 (Figure 3.21). The kinetics o f these peaks are shown 
in the Figure 3.22 below. The results again show no clear change in the time 
required for formation of the steady state spectrum. Again it should be noted 
that the final point on the graph (in the nanosecond time range) may be 
subject to experimental drift.
Time Delay I ps
♦  1399 
■  1256
Figure 3.22: K inetics o f  p e a k s  a t  1399 a n d  1256cm"1 f o r  [Ru (d 8-b p y )2(p h p y t r )]+ in d 3-Ac n  
P u m p  400 / P r o b e  350.
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F ig u r e  3.23: [R u ( d 8- b p y ) 2( H p h p y t r ) ] 2+ in  D3-ACN w i t h  p u m p  a t  400 n m  a n d  p r o b e  a t  350 nm . 
( t o p )  B e tw e e n  0 a n d  150 p s  a n d  ( B o t t o m )  b e t w e e n  0 a n d  1500 p s .  (DCC)
F ig u re  3 .2 3  shows the kinetics of the protonated complex, [Ru(d8- 
bpy)2(Hphpytr)]2+, with pump at 4 0 0  nm and probe at 3 5 0  nm. In these 
spectra little change is observed between 50  and 150  ps. Note that over the 
time range studied there is no decay observed in the spectra. This is in 
contrast to the results observed in F ig u re  3 .2 0 , for the perprotio complex. 
This may be said to tentatively reflect the increase in lifetime that occurs 
when the excited state is localised on the ligand which is deuteriated, 
however no firm conclusions should be drawn from measurements at this 
timescale.
The probe wavelength was then moved to 470 nm to investigate the lower 
energy absorption of the heteroleptic complex.
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F ig u r e  3.24: P u r e  E x c i t e d  S t a t e  S p e c t r a  o f  [R u ( b p y ) 2( p h p y t r ) ] + in  CD3OD w i t h  P u m p  a t  
400 AND PROBE AT 470 NM. (DCC)
F ig u re  3 .2 4  shows the spectra of the deprotonated complex, 
[Ru(bpy)2(phpytr)]+, in d3-acetonitrile. Subtraction of ground state yields 
relatively weak excited state spectra. Although a grow-in at 1498  cm'1 can be 
clearly discerned, accompanied by a decay of the 147 0  cm'1 feature the 
spectra are too weak for accurate kinetics to be obtained.
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F ig u r e  3,25: Spectra (Left) and Kinetics (Right) o f [Ru(D8-bpy)2(Hphpytr)]2+ in 
ACETONITRILE pump a t 400 NM AND PROBE AT 470 NM. (DCC)
In Figure 3.25, the spectra and kinetics of [Ru(d8-bpy)2(Hphpytr)]2+ in 
acetonitrile with a pump and probe wavelength of 400 and 470 nm, 
respectively, are shown. At this wavelength the spectra of the protonated 
complex are more prominent than those shown above for the deprotonated 
complex. There is a band at 1500 cm"1 which can be attributed to bpy' with 
an early rise time apparent. The kinetics of this band appear to show no clear 
change in the grow -  in time of the steady state.
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Figure 3.26 shows the kinetics of the single peak at 1440 cm'1 observed for 
[Ru(bpy)2(Hdcb)]+ at pH2 with pump at 410 nm and probe at 470 nm. 
Although there is some fluorescent background (see Appendix A -8 ) the kinetics 
again show that no further growth in the peak is observed after 50 ps.
3 .3 .5  [R u (b p y )2(H d cb )]+
Figure 3.26: Kinetics of peak at 1440cm'1 for [Ru(bpy)2(Hdcb)]+ in D20  with pump 410 nm
A N D  P R O BE  470NM.
Figure 3.27: R e s o n a n c e  R a m a n  s p e c t r a  o f  [ R u ( d 8- b p y ) 2( d 6- H d c b ) ] + in  D 20  w i t h  p u m p  a t  4 1 0  
N M  A N D  P R O BE  A T  4 7 0  N M . *
The deuteriated analogue, [Ru(d8-bpy)2(d6-Hdcb)]+, of the complex above was 
also studied, with the spectra shown in F i g u r e  3.27. A single peak was 
observed at 1486cm 1, with the grow -  in again complete after 50 ps.
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The discussion will first focus on the experimental results obtained. This is 
followed by a discussion of the results produced by other researchers and the 
theories proposed. Finally the current work is placed in context of the previous 
studies.
3.4.1 Results Obtained.
F ig u re  3 .2  shows the ultrafast luminescence obtained for [Ru(bpy)3]2+. The 
rate of the emission observed at 520  nm is instrument limited and therefore is 
<  4  ps. This emission can be related to that observed by Okada and co -  
workers25( vide infra) by fluorescent upconversion spectroscopy and is due to 
emission for the ^ L C T . This shows that the intersystem conversion efficiency 
to the 3MLCT is not unity, as previously suggested.
Our picosecond time resolved resonance Raman spectroscopy measurements 
have used a variety of pump and probe wavelengths. The energy of the pump 
wavelength dictates the amount of excess energy in the initially created 
Franck-Condon excited state. As suggested by Papanikolas et a/, (vide infra)11 
the amount of energy required to be dissipated to reach the THEXI state can 
lead to changes in the rate and route of 3MLCT equilibration. The energy of 
the probe beam interrogates a specific region of the excited state absorption 
and can also affect the relative intensity of bands.
F ig u re  3 .3  gives the spectra of [Ru(bpy)3]2+ in acetonitrile with the pump 
energy at 4 0 0  nm and the probe at 3 5 0  nm. Bands are observed at 1145, 
1 22 0  and 1 46 8  cm'1. These bands can be assigned as bpy'* by comparison 
with nanosecond time range spectra (when allowing for the calibration error). 
All bands undergo a grow -  in on the picosecond time scale. This is in 
contradiction to the results of transient absorption studies which suggest that 
the THEXI state is fully formed after 3 0 0  fs.8 F ig u re  3 .5  gives the spectra after
3 .4  D i s c u s s i o n .
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subtraction of the complete spectra at 150 ps. This is the spectrum which 
persists into the nanosecond time domain. These subtractions are used to 
investigate if there are any changes in the early time spectra or if there are 
two states simultaneously present which interconvert. Such subtractions have 
been used to great effect in the studies of the excited state structure of 
[Ru(phen)2(dppz)]2+ and led, in that case, to the proposal of a three state 
model ( vide infra).2,3 However, in the present study the subtracted spectra are 
very noisy, making it difficult to draw firm conclusions. Appendix A-4 shows the 
spectra of [Ru(bpy)3]2+ with pump at 400 nm and probe at 530 nm. The low 
signal to noise ratio for these spectra also indicates that the excited state is 
only weakly resonant at this wavelength. Figure 3.6 shows the excited state 
spectra with the pump wavelength shifted to 410 nm, corresponding to a 
formal reduction of the energy of the Franck -  Condon state by 610 cm'1. 
From the spectra we see that the THEXI state is still attained on the 
picosecond time range. This, therefore, suggests that equilibration of the 
Franck -  Condon state on the ^ L C T  potential energy surface is not the rate 
limiting step in THEXI formation. This is consistent with the lifetime of 40 fs 
observed by Okada et ai. for the fast component of the ^ L C T  emission.25 
Figure 3.7 gives the spectra with both the pump and probe wavelength at 390 
nm. This results in an increase in Franck -  Condon state energy by 1250 cm'1. 
The signal to noise ratio in these spectra is high, indicating both good pumping 
and strong resonance of the excited state absorption with this wavelength. 
Again it is seen in these spectra that the grow -  in occurs on the picosecond 
time scale. This is further evidence that the energy of the initial Franck -  
Condon state apparently does not influence the rate of formation of the 
equilibrated THEXI state. It  should be noted that the spectra in Figure 3.4 and 
Figure 3.6 use a probe wavelength of 475 nm resulting in rich spectra on both 
occasions. This, therefore, indicates that the excited state formed is in 
resonance with the 475 nm probe wavelength. Appendix A-5 gives the spectra 
obtained with a pump wavelength at 265 nm and a probe at 400 nm. The 
spectra obtained at these wavelengths are weak and may be due to ineffective 
pumping at 265 nm or a lack of resonance with the excited state absorption at
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400 nm. Since good quality spectra were obtained with both 390 and 475 nm 
probe wavelengths, this would suggest that the poor spectra are due to 
ineffective pumping at 265 nm.
Also studied was the effect of counter ion on the spectra of [Ru(bpy)3]2+. As 
can be seen from F ig u r e  3.12 the counter ion has little effect on the rate of 
formation of the thermally equilibrated excited state.
F ig u r e  3.8 highlights the effect of solvent on the excited state grow -  in. Again 
the process occurs on the picosecond timescale, with all evolution essentially 
complete after 50 ps. This series of solvents was chosen due to the range of 
dielectric constant and viscosities available. The dielectric constant26 (or 
relative permittivity) of the solvents used varied from 3.4 for octanol to 25.3 
for ethanol and as high as 80.1 for H20  while the viscosity of the solvents 
increased with molecular weight. The negligible effect of both dielectric 
constant and viscosity indicates that solvent reorganisation to facilitate excited 
state formation does not play a significant role in the rate of THEXI formation. 
The ability of the solvent to remove heat from the excited molecule is related 
to its thermal conductivity.22 These values vary between 0.152 Wm'1 for 1- 
hexanol to 0.5562 Wm'1 for H20  (values quoted at 25°C).26 The solvent 
reorganisation time of acetonitrile has been estimated as 200 fs27 which 
further indicates that this process is completed on a different time scale to 
excited state evolution.
Anti -  Stokes measurements were attempted, however the overlap of the 
Stokes lines from the pump with the anti -  Stokes lines of the probe meant 
that no bands were observable. In these measurement it was hoped that it 
would be possible to observe the decay of the anti -  Stokes bands from the 
upper excited states as the complex cooled. The time scale of this process 
would have given further evidence of vibrational cooling on the picosecond 
timescale.
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The effect of ligand deuteriation was next investigated. Deuteriation of the 
ligands on which the excited state energy is localised generally leads to an 
increase in the observed excited state lifetime. This is due to a reduction in the 
intensity of the C-H vibrations on the replacement of hydrogen with deuterium. 
Simply, this can be explained by a reduced mass effect which results in a 
reduction in the intensity of vibration upon doubling the mass of one of the 
bodies. The extent to which deuteriation effects the excited state lifetime 
depends on the coupling between the ground and the excited state.23 Two 
coupling limits dominate; strong and weak coupling limits. The displacement of 
the excited state along the potential energy co-ordinate dictates the coupling 
limit ( F i g u r e  3.28). For R u (II) polypyridyl complexes estimation of the coupling 
limit from the Stokes shift is problematic as the direct absorption into the 
excited state is spin forbidden.
Figure 3.28: S t r o n g  a n d  w e a k  c o u p l i n g  l i m i t s .
C-D vibrations are of lower amplitude and frequency than the equ ivalen t C-H 
vibrations.23 This leads to a reduction in the overlap between the ground and
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excited state and hence a reduction in the radiationless deactivation. The 
reduced frequency of the vibrational energy level also results in an increase in 
the density of vibration levels in both the ground and excited states. This is 
represented in Figure 3.29.
F i g u r e  3.29: D e n s it y  o f  v ib r a t io n a l  l e v e l s  in  p e r p r o t io  a n d  p e r d e u t e r io  m o l e c u l e s .
F ig u r e  3.13 and F ig u r e  3.14 show the effect of deuteriation on the time 
resolved resonance Raman spectra of [Ru(d8-bpy)3]2+ in H20 . From the 
kinetics observed it is seen that there is no change in the time scale for 
evolution of the long lived spectrum. This indicates that C-H vibrations are not 
important in the rate of formation of THEXI state. The effect of coupling 
between the excited state can also be discounted as the rate remains 
unchanged on the decrease in coupling on deuteriation. It  is also important to 
note the effect of solvent deuteriation. F ig u r e  3.3 and F ig u r e  3.13 give the 
spectra of [Ru(bpy)3]2+ and [Ru(d8-bpy)3]2+ in acetonitrile and d3-acetonitrile 
respectively. Previous studies28 have shown the effect of solvent deuteriation
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due to the suppression of solvent acceptor modes. Again no effect is observed 
due to deuteriation. This suggests that the mode of energy dissipation for 
THEXI state formation is not due to high frequency C-H vibrations, but may 
have significant contributions from ring breathing modes.
F ig u r e  3.18 gives the resonance Raman spectra and kinetics of 
[Ru(bpy)2(phpytr)]+ in acetonitrile with pump at 400 nm and probe at 350 nm. 
It  is seen from the kinetics of these spectra that the grow -  in of the steady 
state spectra is complete after 50 ps, as observed for [Ru(bpy)3]2+ and its 
deuteromers. [Ru(bpy)2(phpytr)]+ is a less symmetrical molecule than 
[Ru(bpy)3]2+ which leads to changes in the excited state energy structure. The 
electron density of the negative triazole moiety increases the energy of the 
phpytr ligand such that this ligand is at higher energy than the two bipyridine 
ligands. Also the strong a -  donor properties of the triazole leads to an 
increase in the energy gap between the 3MLCT and metal centred 3MC states. 
Another important point to note is the overall 1+ charge on this molecule due 
to the negative triazole moiety. This modifies the dipole of the molecule in 
both the ground and excited states (the magnitude of the dipole is significantly 
reduced in the excited state) and therefore indicates that solvent 
reorganisation in order to stabilise that excited state dipole does not contribute 
to the rate of THEXI formation. For the deprotonated complex there is a 
negative charge on the triazole which opposes the excited electron based on 
the bpy and hence reduces the dipole. This is in agreement with the results of 
the solvent studies ( vide supra) which show that varying the solvent does no 
effect the rate of grow -  in of the steady state spectrum. F ig u r e  3.20 gives 
the spectra and kinetics of the protonated complex [Ru(bpy)2(Hphpytr)]2+, 
which again shows grow -  in of the THEXI state on the picosecond timescale. 
The energy structure of this complex is similar to that of [Ru(bpy)3]2+ as it is 
2+ and the magnitude of the a  -  donor properties of the triazole are reduced 
on protonation. As shown by the kinetics of the protonated complex over the 
longer time range ( F ig u r e  3.20, right bottom) the excited state bands begin to 
decay within 5 ns although, also note previously, no firm conclusions should be
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drawn from these measurements on this timescale. The ability to control the 
excited state lifetime of these complexes with pH is a feature of these triazole 
containing complexes and show that the rate of THEXI formation is not related 
to the lifetime. F ig u r e  3.26 gives the resonance Raman spectra of 
[Ru(bpy)2(Hdcb)]+ in D20 . Again little change is observed in the rate of THEXI 
formation due to the presence of the electron withdrawing COOH groups. At 
pH 2 a single carboxylic group is protonated, with the pKa of the second 
carboxylic group at 1.75. In the excited state, the complex is monoprotonated 
as its pKa*  is estimated to be lower than 0.2.19 The time which is taken for the 
formation of the steady state spectra ( F ig u r e  3.26 and F ig u r e  3.27) is 
important for studies on dye -  based solar devices. Previous work has 
suggested that charge injection occurs on the femtosecond time scale and 
from a level above the THEXI state. The present results are in agreement with 
these studies as they suggest that [Ru(bpy)2(Hdcb)]2+ is not vibrationally cold 
on this timescale.
3.4.2 Results from Other Studies.
The first observation of slow Raman intensity grow -  in and centre 
wavenumber shifting was for aromatic cation radicals by Nishi et aI.29 These 
studies investigated the ultrafast Raman spectra of biphenyl, trans-stilbene 
and naphthalene with the cations formed via two photon ionisation. A solvent 
dependence was observed in the rise time of the long -  lived Raman spectra; 
in ethyl acetate and other polar solvents spectral evolution was completed 
within the instrument limit of < 5 ps. However, in acetonitrile the maximum 
intensity of the bands is not reached until 40 -  60 ps after excitation. Band 
shifting and narrowing is also observed for the cationic radicals with time 
scales reported between 10 -  20 ps in all solvents investigated. Nishi et al.29 
proposed that after initial excitation the excess energy is transferred to the 
surrounding solvent. The first solvent shell is therefore disturbed by this 
excess energy and is unable to stablise the solute until the energy is 
transferred to the bulk solvent. This energy transfer occurs on the picosecond
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time scale and as the solvation structure of the radical is affected, so to is its 
electronic transition moment. Similarily the ability of the solvent to conduct 
energy away from the first solvation shell is suggested to cause the band 
shifting and narrowing observed in the radical spectra.
A number of points must be noted when comparing the results obtained by 
Nishi et alP  with those in the present study. Firstly, ionisation results in the 
formation of a cation in a previously neutral species. This is in contrast to 
MLCT excited states in which overall molecular charge is preserved. Secondly, 
on ionisation electron solvation is required, whereas the electron remains 
confined to the molecule in our studies. The studies by Nishi et a/, also 
observed the excited state Si bands of the neutral molecules. These bands 
showed instantaneous instrument limited grow -  in which was unaffected by 
solvent. This indicates that the Si state which is due to the neutral molecule is 
formed < 5 ps and is a good reference for the formation of thermalised Raman 
bands on the picosecond timescale.
This work's initial interest in the ultrafast photophysical properties of
[Ru(bpy)3]2+ was as a model complex in the investigation of
[Ru(phen)2(dppz)]2+ and [Ru(bpy)2(phpytr)]+. A large amount of research has 
been undertaken on [Ru(phen)2(dppz)]2+ due to its emissive behaviour 
referred to as the "light -  switch" mechanism.30 Studies have shown that in 
non -  protic solvents the complex is strongly luminescent, however in water 
and other protic solvent this emission is largely quenched. Another interesting 
property is the strong luminescence observed in water for this complex in the 
presence of DNA. This is due to the interaction of the complex with the helical 
cavity of the DNA31, and may lead to the use of [Ru(phen)2(dppz)]2+ or its 
derivatives in sensor applications. The excited state structure has been 
investigated by absorption, emission and Raman measurements. Transient
absorption and time correlated single photon counting measurements by
Barbara et al. led to the description of the excited state properties as due to 
two excited states.32 In non -  aqueous solvents the lowest energy excited
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state (referred to as MLCT') dominates with a long lived lifetime (660 ns in 
acetonitrile). In H20  the MLCT rapidly converts to a lower lying MLCT" state. 
This state is non -  emissive and is non -  radiatively deactivated in 250 ps. The 
3 ps conversion between the MLCT7 and MLCT" states is faster than solvent 
dynamics for H20  but closer to the rate of hydrogen bond formation.32 It  was 
therefore suggested that the MLCT" state was due to a dppz* “ excited state 
which was lower in energy in protic solvent due to H -  bonding. McGarvey et 
al. used TR3 measurements to further probe the excited state structure.3 Their 
investigations revealed a third distinct excited state which also had a solvent 
dependence. Although this "precursor" state is non -  emissive and could not 
be resolved in aqueous environments, subtractions of the 400 ps spectra from 
the 10 ps spectra in acetonitrile and methanol show differences in the 
transient profiles with time. This is indicative of an early state that is formed 
and then converts into a longer lived moiety. Onfelt et ai. used picosecond 
time correlated single photon counting (TCSPC) measurements in glycerol to 
investigate the excited state lifetimes of the various states.3 The increased 
viscosity of glycerol hinders the ability to reorientate and form H -  bonds, 
therefore, the lifetime was longer than that observed in water, but still short 
compared to monohydric alcohols. Singular -  Value Decompostion (SVD) 
analsysis of the excited state lifetimes between 550 nm and 820 nm produced 
values of 0.30, 1.85 and 8.06 ns. A kinetic model was proposed with decay 
based on the MLCT" state at 20°C but with the backward process to 
repopulate the MLCT' state becoming increasingly prominent as the 
temperature is increased. The similarity of the first two lifetimes with that of 
[Ru(phen)3]2+ in glycerol and [Ru(phen)2(dppz)]2+ in ethanol, respectively, 
allowed the proposition of structures for the three states formed. F ig u r e  3.30 
gives an overview of the electron locations and the relative energtics of the 
levels described above. Note that the green arrows represent H -  bonding by 
the solvent.
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P re cu rso r
Figure 3.30: E n e r g y  L e v e l  S c h e m e  w i t h  E l e c t r o n  L o c a l i s a t i o n  f o r  [ R u ( p h e n ) 2( d p p z ) ]2+.
Investigations by McClusker et a/.8 into the femtosecond transient absorption 
gave the first insight into the ultrafast photophysics of [Ru(bpy)3]2+ in 
acetonitrile. These studies have shown that the observable changes in the 
excited state absorption spectra is complete after 300fs. The transient 
absorption spectra obtained at this time appears to correspond to that found 
using nanosecond techniques. Although the depletion of the ground state 
bands are instantaneous, the formation of the excited state features should 
not be completed until the final thermalised state is reached. The effect of the 
molecular dynamics of CH3CN on this process is thought to occur on the lOOfs 
time scale.27 The rate o f intramolecular vibrational relaxation (IVR) is assumed 
to be the fastest process occurring, followed by internal conversion (IC ) and 
finally inter system crossing (ISC), which is thought to be the slowest of the 
processes. However the rate of the process observed by transient absorption 
indicates that IVR is occurring concurrently with solvent reorganisation while 
ISC may also contribute to the changes in the spectra. The transformation 
from initial to final state may not be regarded as a stepwise process through 
various states but a constantly evolving direct transition. Although
MLCT”
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intermediate levels may be present, the excited state wave packet only 
becomes stationary once it has reached the lowest energy vibronic state.
When considering the implications of the above results it is worth 
contemplating the source of the transient absorption signal. Transient 
absorption spectroscopy looks at the evolution of the excited state where 
bands are observed due to the depletion of the ground state and the grow -  in 
of the excited state absorption. As with steady state absorption spectroscopy, 
the broad spectral bands observed are due to the overlap of many vibrational 
states on the potential energy surface. As a molecule relaxes from a 
vibrationally hot state, changes in the absorption spectra are observed as band 
narrowing, as opposed to shifting or intensity changes. However, the 
magnitude of the change which would be observed for cooling from the 
vibrationally hot state to the thermallised structure, especially on the 
picosecond timescale, suggests that the lack of further evolution of the spectra 
do not necessarily indicated that the molecule has reached the THEXI state.
Okada et at. have used femtosecond upconversion spectroscopy25 to 
investigate [Ru(bpy)3]2+ in acetonitrile. The signal obtained using this 
technique is due to radiative coupling back to the ground state. This allows 
direct observation of the singlet state as any change in spin greatly effects the 
resultant signal. This work has led to the first direct observation of emission 
from the singlet excited state. Steady state measurements using laser 
excitation and CCD accumulated monitoring allows the observation of a weak 
band in the 500 nm region with a quantum yield estimated at 9 x 10'5. Time 
resolved upconversion measurements were monitored at 500, 575 and 620 
nm. F ig u r e  3.31 gives an overview of the processes observed. Fitting of the 
results at 500 nm showed a single decay process with a time constant of 40 ±  
15 fs. At 575 nm two decay signals are present with time constants of 40 ±  15 
fs and 630 ±  50 fs. At 620 nm a single emission is again observed with a time 
constant of 600 ±  50 fs, however a rise time of 40 ±  15 fs is seen. The slower 
decay at 575 nm is solvent dependent, with decay fastest in propionitrile and
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slowest in propanol, while the faster decay is seen to be solvent independent. 
The slower decay constant shows a linear dependence on the thermal 
diffusivity indicating vibrational cooling effects. I t  has been surmised from this 
work that the fast decay is due to inter system crossing from the ^ L C T  to a 
vibrationally hot triplet manifold while the solvent dependent slower 
component is due to vibrational cooling to the long -  lived 3MLCT.
JMLCT
Figure 3.31 : E m is s io n  f r o m  V i b r a t i o n a l l y  H o t  B a n d s  a s  D e s c r i b e d  b y  O k a d a  e t  al .
Although the fluorescent upconversion experimental method allows 
observation of the ^ L C T  emission, and hence the singlet excited state, it does 
not interrogate the 3MLCT directly. Therefore, while the time constant obtained 
for the singlet emission is reliable, the time constant and nature of the longer
-  lived process is not directly investigated.
Papanikolas et a/. have extensively investigated the ultrafast photophysics of 
[Ru(bpy)3]2+, [Os(bpy)3]2+ and other heteroleptlc complexes. Studies of
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[Os(bpy)3]2+ using magic angle and anisotropy excited state absorption 
measurements have been used to investigated the processes occurring on 
both the singlet and triplet surfaces.11 Magic angle measurements reflect 
changes in intensity and shape of the excited state absorption bands, while 
anisotropy measurements highlight changes in the transition dipole. Excitation 
into the 3MLCT of [Os(bpy)3]2+ (at 625, 650, 675 and 693 nm) shows little 
change in the absorption spectra after 1 ps. By contrast, when the complex is 
excited into the ^ L C T  band reshaping occurs during the first 30 -  45 ps after 
photoexcitation. This occurs in the form of intensity growth and a blue shift of 
the t t  -  t t *  absorption. Kinetics analysis reveals two components -  a fast 
component comparable to that observed with triplet excitation, and a slower 
component with a time scale of approximately 16 ps. I t  is important to note 
that the magnitude of the spectral shifting is greater after 440 nm excitation 
than after 500 nm, although the time scales are similar. Since the time scale of 
this blue shifting is too long to be due to ISC (It is 100 times slower that 
observed for [Ru(bpy)3]2+) it is therefore assigned as vibrational cooling. The 
kinetics can then be described as fast ISC ( < 1 ps) followed by vibrational 
cooling of the 3MLCT on a 16 ps time scale. These rates are In agreement with 
those observed by Vlcek et a I.{vide infra). Anisotropy measurements produce 
interesting results for excitation at the high energy side of the 3MLCT band (at 
580 and 625 nm). At these excitation energies the fast component of the 
absorption anisotropy decays are faster (1.2 and 2.5 ps respectively) than 
those observed at lower energy excitation ( ~  3 ps). The fast 3 ps component 
is thought to be due to Inter Ligand Electron Transfer (ILET).11 The increase in 
rate of the fast component at higher energy is suggested to be due to a 
second process that occurs when the excited state is formed with a large 
excess of energy (i.e. when excited at the blue edge of the 3MLCT absorption 
band). This excess energy allows formation of the excited state with an 
unfavourable solvent configuration. The excess energy is, therefore, in the 
form of solvent degrees of freedom rather than vibrational energy and the 
molecule is formed vibrationally cold.
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1MLCT
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Figure 3.32: Potential Energy Surface for [Os(bpy)3]2+ in Polar Solvents. The Different 
Transitions Occur Based on the Excitation Energy. Reproduced from Reference 11.
High photon energy excitation has been used by McFarland et at. to 
investigate the picosecond luminescence of [Ru(bpy)3]2+ and its substituted 
analogues.12 For [Ru(bpy)3]2+ instrument limited excited state decay ~ 1 -  5 
ps is observed at 500 nm when excited at 388 nm. However, for the 4,4' -  
disubstituted complexes, such as [Ru(dmb)3]2+, [Ru(dmeob)3]2+ and 
[Ru(dfmb)3]2+, a second excited state decay is observed at 500 nm for this 
excitation wavelength. These samples are seen to have lifetime > 50 ps and 
this behaviour is specific to the 4,4' -  substituted complexes. On substitution
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of the 5,5' positions of [Ru(dmb)3]2+ and [Ru(dfmb)3]2+ the second emission is 
seen to disappear. This longer lifetime emission is assigned to a third state, 
referred to as State C. I t  may be a higher vibrational level of the 3MLCT, a 
local minimum or a completely distinct state. It  should be noted however that 
this second emission is only observed when the sample is excited at 388 nm, 
indicating that the increased energy of excitation is required so that the singlet 
manifold is capable of accessing state C. These studies are also in agreement 
with the results provided above (section 3.3.1) that deuteriation does not 
appear to increase the lifetime of the emission at 500 nm for [Ru(bpy)3]2+.
Again there are a number of points to note when considering the results 
obtained by McFarland et al in the context of the present study.12 Firstly, the 
use of a streak camera in the detection system may lead to some errors in the 
values obtained. Again the fluorescence observed is instrument limited 
therefore thought to encompass the processes observed by Okada25( vide 
supra). The observation of an emission which persists at 500 nm up to 3 ns 
after excitation is highly surprising.33 The energy of this emission suggests that 
it arises from the singlet manifold, however, the time scale on which it persists 
is contrary to previously observed emissions of this nature. The observation of 
this emission for the 4,4 substituted complexes but not the 5,5 or 
unsubstituted complexes is also a cause for concern.
Work of the ultrafast photophysics of [Re(Etpy)(CO)3(dmb)]+ and 
[Re(CI)(CO)3(bpy)] has been carried out by Vlcek and co-workers.34 These 
complexes are partically useful for the understanding of the early stage 
photophysics as electron localization and hopping is not an issue, since only a 
single chromophore is present. These studies encompassed time -  resolved UV
-  Vis, resonance Raman and IR spectroscopy. Time resolved IR spectra show 
that the steady state is not obtained until 50 ps after photoexcitation for 
[Re(Etpy)(CO)3(dmb)]+. Before this time, a dynamical shift of band positions 
and intensity growth can be observed, with biexponential kinetics of 1.3 ±  0.2 
and 11.6 ±  2.1 ps for the A '(l) band. A shift of +11.4 ±  0.8 cm'1 is also
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observed. The time resolved Raman spectra of this complex show a grow-in of 
a bands over a 20 ps time scale. This growth and narrowing is observed for all 
the bands in the spectra.
F ig u r e  3.33: P ic o s e c o n d  T im e  -  R e s o l v e d  R a m a n  s p e c t r a  o f  [R e (E t p y ) ( C o ) 3(d m b ) ]+ in  
A c e t o n it r il e  w it h  p u m p  a n d  P r o b e  a t  400 n m . R e p r o d u c e d  f r o m  R e f e r e n c e  34.
Over the same time scale growth is observed in transient absorption spectra 
depending on the pump and probe wavelengths used. Anti -  Stokes 
measurements of these complexes were also attempted, however, no excited 
state bands were observed. This was not due to an experimental artefact and 
was thought to indicate that excitation of high -  frequency dmb localized 
modes in the 3MLCT state has decayed already after 1 -  5 ps. The growth of 
bands In this case is attributed to structural relaxation during the vibrational 
cooling process. The Raman intensity of a transition depends on both the 
electronic transition moment and the vibrational overlap between the states. 
As cooling occurs modification of the potential energy surface changes these 
properties and hence an increase in the band intensity is observed in the 
Raman spectra.
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The results obtained by Vlcek et al. appear in agreement with our present 
study. The growth of the excited state bands indicates that the THEXI state is 
not formed on the femtosecond time scale, as previously suggested.8 This also 
suggests that the picosecond time scale of THEXI formation is not unique to 
Ru(II) but also occurs for other transition metal complexes. The presence of a 
single chromophore ligand in the complexes studied by Vlcek et at. helps to 
discount the effect of inter-ligand hopping on the slow Raman grow -  in.
Each experimental technique used in the above studies has the ability to 
investigate a specific process which results in the formation of the thermallised 
structure of [Ru(bpy)3]2+. Fluorescent upconversion spectroscopy looks at the 
emission from the ^ L C T  and, as such, is able to provide information on the 
deactivation of the singlet state. Transient absorption spectroscopy examines 
the changes occurring upon oxidation and reduction of species in the excited 
state. Raman spectroscopy, on the other hand, is a vibrational technique and, 
therefore, is most suited to the investigation of vibrational phenomena. It 
provides direct information on processes which can only be inferred from other 
techniques. Shown below is a illustration of the time scales obtained from the 
research carried out ( F ig u r e  3.34).
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>MLCT
Figure 3.34: Overview o f  R e s u l t s  O b t a i n e d  f r o m  V a r i o u s  S t u d i e s  F o r  [ R u ( b p y )3] 2+.
The excited state lifetime of the singlet MLCT is provided by the fluorescent 
upconversion work of Okada e ta /}s The crossing to the triple state is obtained 
from the work of McCusker et a/.8 The present work investigates the lowest 
vibrational state of the 3MLCT and as such provides direct evidence of the 
formation of the THEXI state. The simultaneous use of a variety of probe 
techniques allows the production of a more complete excited state picture, 
which is not possible using any single technique.
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Studies have been carried out on [Ru(bpy)3]2+ using a variety of techniques 
and, although no technique is able to provide complete information of the 
early time photophysical processes, slowly a more comprehensive picture is 
being obtained. The present work looks at the Raman spectroscopy of this 
paradigm complex and, as such, is best suited to interrogate its vibrational 
characteristics. From these results we see that the THEXI state is not formed 
on the femtosecond timescale, as previously suggested, but changes in the 
vibrational spectra are seen up to 50 ps.
This work is not only relevant in understanding the fundamental properties of 
the excited state in transition metal complexes but is also vitally important in 
the design of supramolecular devices. The inclusion of [Ru(bpy)2(Hdcb)]+ 
extends this work to cover complexes which have previously been 
incorporated into molecular light -  energy storage devices and is in 
agreement with studies which say that charge injection occurs from a non -  
THEXI state. The similarity of the results obtained for this complex and 
[Ru(bpy)3]2+ also highlights the importance of a complete understanding of 
the most fundamental of structures. The investigations of the properties of 
[Ru(bpy)2(phpytr)]+ are also very interesting and important. Firstly, the 
agreement of the results obtained for both the protonated and deprotonated 
complexes highlights the fact that the protonation state, and hence charge, of 
the complex does not affect the time taken for formation of the THEXI state. 
Also the ability to control the a -  donor properties and 3MLCT -  3MC energy 
gap of the triazole containing complex gives an indication of the effect on 
^ L C T  -  3MLCT coupling of these properties. Again since little change is seen 
for the triazole containing complex in either protonation state the influence of 
3MC coupling during vibrational cooling in the picosecond time range must be 
seen as negligible.
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Effect of Substitution at the C-5 Position of 
the Triazole on Photophysical Properties.
C h a p t e r  4
Chapter 4 investigates the complexes [Ru(bpy)2 (thpztr)]+ and [Ru(bpy)2 (thpytr)]+ 
using Raman and electronic spectroscopy, Single Photon Counting and 
Computational Chemistry. The effect o f substitution at the C5 position of the triazole 
on the photophysical properties is compared with previously investigated complexes. 
Complexes containing a pyrazinyl- triazole ligand are seen to emit from two excited 
states based on different ligands at low temperatures. This behaviour is confirmed by 
both temperature dependent emission and single photon counting measurements for 
the thienyl substituted complex. However, for the pyridyl containing complex a single 
emission, with mono-exponential excited state decay, is observed.
Resonance Raman spectroscopy has been used to investigate the MLCT absorptions of 
the complexes and the effect of protonation, with isotope labelling employed to further 
explore the spectra obtained. Computational studies have been applied to gain further 
insight into the physical phenomena and to investigate the degree of interaction of the 
thienyl and metal centre in the ground and excited state.
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A clear understanding of the spectroscopic, photophysical and electrochemical 
properties of metal complexes must precede their application in 
supramolecular assemblies. Of particular interest in supramolecular chemistry 
is the ability to direct energy and electron transfer for use in molecular 
electronic and photonic devices. Transition metal complexes have received 
considerable attention in this area due to their well defined properties and the 
synthetic variety available. This synthetic ability also allows the modulation of 
the ground and excited state properties to suit the particular application.
F ig u re  4 .1  shows the structures of the complexes discussed in the text. 
Triazole ligands containing both a pyridyl and a pyrazinyl moiety are studied in 
this chapter. While Chapter 5 looks at the dramatic effects of varying the NIM 
ligand in bis-heteroleptic systems, the present chapter looks at the more 
subtle effect of substitution at the C-5 position of the triazole moiety. The 
complexes under investigation in this chapter are substituted with a thiophene 
moiety at the C-5 position. Complexes 1 and 2 are the C-5 thiophene 
substituted triazole pyridine and pyrazine complexes, respectively, on which 
the majority on work has been performed. 3  and 4  are the unsubstituted 
complexes which are used as a reference to compare the effect of the 
thiophene. 5  and 6 are the dinuclear complexes based on a thiophene bridge. 
Complexes 1 and 2 have been used to help understand the behaviour of the 
dinuclear complexes, with results obtained for 1 and 2 interpreted in relation 
to the results observed for 5 and 6. In previous work a number of different 
moieties have been incorporated at the C-5 position, some examples of which 
are methyl, bromo, phenyl and dimethoxyphenyl1 groups. This has allowed for 
the tuning of the electrochemical and photophysical properties of the 
complexes due to electron withdrawing or donating properties of the 
substituents.
4 .1  I n t r o d u c t io n .
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Thiophene is a planar, unsaturated heterocycle.2 I t  Is regarded as aromatic 
when a lone pair from the sulphur is incorporated in to the aromatic sextet. It 
is an electron -  rich molecule, which is resonance stabilised and has a 
resonance energy about half that of benzene. The ring system exerts a t t  
electron -  donating effect and a a  electron -  withdrawing effect to 
substituents at the 2 and 5 positions of the thiophene ring (note that 
numbering begins at the heteroatom). Thiophene undergoes both electrophilic 
and nucleophilic substitution reactions. One of the most interesting properties 
of sulphur is the ability of its lone pair to interact with gold molecules. This has 
lead to the opportunity to non -  covalently bond sulphur containing units with 
gold surfaces and gold colloidal particles in the production of supramolecular 
assemblies.3
Substitution at the C-5 position of the triazole ligand can have a number of 
important effects on the properties of the resultant complex. The electron -  
withdrawing /  donating ability of the substituent leads to changes in the 
emission and absorption maxima4, and also on the acid /  base properties. The 
ability of the substituent to increase the delocalisation of the excited state can 
also result in changes to the acid /  base properties of the complex. The 
presence of a large substituent at the C-5 position is seen reduce N2 /  N4 
isomer interconversion due to steric bulk of the thiophene.5
2+
F ig u re  4.1: Structures of the Complexes and  L igands referred to in  chapter 4.
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Previous studies6 have shown that Ru(II) complexes containing a pyrazine 
triazole ligand show two emissions at low temperatures. In work by Keyes et 
a!., the complex [Ru(bpy)2(pztr)]+ ( 3 in the present chapter, pztr is 2'-(l,2 ,4- 
triazol-3-yl)-pyrazine) produces emissions from two thermally equilibrated 
excited states between 140K and 200K. Temperature dependent 
measurements allowed the resolution, via emission and excited state lifetime 
measurements respectively, of two emissions that are energetically and 
temporally separate.6 This dual emission was explained as being due to 
barriers in the equilibration of the excited state energy, and results in excited 
states formed on both the pyrazine containing ligand and the symmetric (or 
NN) ligand.6 The present chapter further investigates the excited state 
behaviour of complexes containing a pyrazinyl or pyridyl triazole ligand, and 
also looks at the effect of substitution at the C-5 position of the triazole ring.
Multinuclear complexes are a source of Intense interest due to their ability to 
transfer electrons and energy between the metal centres.7 These processes 
have already lead to the production of potential molecular logic gates8, 
although processing of the information and the incorporation of these 
molecules into larger systems is still non -  facile. The starting point of 
understanding the processes occurring in multinuclear complexes is the 
investigation of the properties of their isolated units. This chapter looks at the 
properties of complexes containing a thiophene substituent at the C-5 position, 
which may act as a bridge between two nuclear centres. The ability of nuclear 
centres to interact is dependent on the nature of the energy /  electron transfer 
processes. Forster energy transfer is seen as a through space process while 
Dexter energy transfer can be seen to be through bond.9 While both processes 
are seen to be distance dependent, Forster processes are also dependent on 
the relative orientation of the interacting dipoles. Dexter processes have a 
dependence on both distance and the ability of the orbitals of the bridging 
moiety to facilitate the double electron transfer. Hence, the ability to 
accurately model the molecular orbital structure of the interacting units is vital 
in the understanding of the communication between units and in the future
143
Chapter 4 -  [Ru(bpy)2(thpXtr)]+
design of multinuclear systems. It  is in this area that the growth in power and 
affordability of computational chemistry systems has proved invaluable and 
these techniques are used in the current chapter to augment the experimental 
results obtained.
The multinuclear Ru(II) complex that has received most attention is the 
pyrazine bridged [(Ru(NH3)5)2pz)]2+, known as the Creutz -  Taube ion.10 Of 
particular interest in the current work are multinuclear complexes which 
include a triazole moiety. It  can be seen, from previous work, that the triazole 
can act as the bridging moiety4 via its N2 and N4 positions or can support a 
substituent which bridges two independent complexes.11 It  is complexes of the 
latter type which are most relevant in the present work and the 
[Ru(bpy)2(thpztr)]+ /  [Ru(bpy)2(thpytr)]+ complexes investigated here may be 
looked on as half a dinuclear complex in which the thienyl group is the 
bridging moiety.12 These studies12 have shown that the nature of the bridging 
moiety greatly affects the level of interaction between the metal centres with 
strong and weak interaction reported for thiophene and phenyl bridges, 
respectively. Studies12 were carried out on the both mono -  and di -  nuclear 
complexes containing a C-5 substituted triazole ligand using electrochemistry, 
spectroelectrochemistry and UV/Vis-Near IR spectroscopy. Specifically, they 
showed that the thiophene group is non-innocent in the electrochemistry and 
electronic spectroscopy of the complexes. Irreversible ligand based oxidations 
were observed due to the electron rich nature of the thiophene moiety while 
absorptions at 360 and 500 nm due to the thiophene are also present.12 
Investigation of the mixed valence R u(II)/R u(III) proved problematic due to 
disproportionation of the complexes. The present studies augments the data 
for the mononuclear complexes with emission and Raman spectroscopy, and 
computational chemistry data.
Overall the purpose of this chapter is to obtain a more complete understanding 
of the excited state properties of a set of triazole containing complexes, 
substituted with a thiophene moiety. This is used to further understand the
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biexponential excited state decay (dual emission) previously observed for 
Ru(II) complexes6 and the effect of the thiophene moiety upon triazole 
containing ligands. In this chapter the photophysical properties of the 
complexes substituted at the C-5 position of the triazole are presented and 
compared to their unsubstituted analogues. Temperature dependent emission 
spectroscopy, both time resolved and steady state, is then used to probe the 
formation of THEXI state and the excited state energy distribution between the 
triazole containing ligand and the bipyridine ligand. The effect of deuteriation 
is used to identify the location of the excited state, as the excited state 
lifetime of a complexes is seen to increase on deuteriation of the ligand on 
which the excited state is based.13 Raman techniques are employed to 
investigate the absorption bands and the effect of protonation on the 
absorptive properties of the triazole containing complexes. Deuteriation of a 
ligand is seen to cause a shift in the vibration bands of that ligand in Raman 
spectroscopy and this effect has been used to assign the various bands. 
Computational studies are used to supplement the experimental photophysical 
data. The results obtained are also Interpreted in relation to intercomponent 
interaction that occurs in multinuclear systems and the role of a thiophene 
bridging ligand in this interaction.
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The deuteriated analogues of 1 and 2 (named Id  and 2d, respectively) were 
synthesised to aid in the analysis of the Raman spectra and to increase the 
resolution of the excited state lifetime measurements. The synthesis of the 
perprotio complexes ( lp  /  2p) and the C-5 substituted ligands were previously 
reported12, and samples were obtained from Dr. Wesley Browne. D8-bpy, for 
use in the synthesis of Ru(d8-bpy)2CI2, and the C-5 substituted pyridine triazole 
ligand were also obtained from Dr. Browne. 2-(5'-pyrazin-2"-yl)-rH-l',2',4'- 
triaz-3'-yl)-thiophene for synthesis of [Ru(d8-bpy)2(thpztr)]+, 2d, was provided 
by Claire Brennan. CHN analysis of the perdeuterio complexes was not 
attempted due to the small sample amount obtained and as the perprotio 
complexes were analysed when the initial syntheses were reported.12
All complexes synthesised were characterised by XH NMR spectroscopy. An 
overview of the results are presented below with the spectra for Id  and 2d 
given in A p p e n d ix  B.
Rufdg-bpy^Cb^hbO
A solution of 2,2' d8-bipyridine (3.67g, 22.4mmol), RuCI3.2H20  (2.71g, 
ll.lm m o l) and LiCI (3.08g, 72.6mmol) was vigorously heated at reflux in 50 
cm3 of DMF for 5 hr, and then allowed to cool. The reaction mixture was 
added to 200 cm3 of acetone and left overnight at 4°C to recrystallise. The 
precipitate was filtered and washed thoroughly with iced water and diethyl 
ether. Yield: 1.25g (2.3mmol, 20%). JH NMR silent.
rRurdg-bpy)2rthpytr)l+, Id .
Ru(ds-bpy)2CI2 (0.40g, 0.8mmol) and Hthpytr (0.18g, 0.9mmol) were heated 
at reflux in 150 cm3 of Et0H:H20  (1:1) for 8hr. The solution was filtered to 
remove excess ligand and the solvents removed in vacuo. The sample was 
redissolved in H20  and the pH raised with 1M NaOH. Saturated aqueous
4 .2  E x p e r im e n t a l  P a r t.
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NH4PF6 was added and the precipitate was recovered by vacuum filtration. The 
product was purified twice by column chromatography on neutral alumina 
(Al20 3) with acetonitrile as the mobile phase. Yield: 0.20g(0.24mmol, 30%). *H 
NMR: 8.10(lH ,d ), 7.88 (1H, dd), 7.49(1H, d), 7.39(1H, d), 7.25(1H, d), 
7.12(lH ,dd), 7.01(lH ,dd).
IRuXdg- bpyj? (th pztr) 1+, 2 ±
Ru(d8-bpy)2CI2 (0.40g, 0.8mmol) and Hthpztr (0.23g, l.lm m o l) were heated at 
reflux in 150 cm3 of Et0H:H20  (1:1) for 8hr. The solution was filtered to 
remove excess ligand and the solvents removed in vacuo. The sample was 
redissolved in H20  and the pH raised with 1M NaOH. Saturated aqueous 
NH4PF6 was added and the precipitate was recovered by vacuum filtration. The 
product was purified twice by column chromatography on neutral alumina with 
acetonitrile as the mobile phase. Yield: 0.07g (0.08mmol, 10%). *H NMR: 
9.21(lH ,s), 8 .22(lH ,d ), 7.57(lH ,d), 7.42(1H, d), 7.28(1H, d), 7.02(1H, d).
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A number of techniques are used to probe the THEXI state of C5 substituted 
pyrazinyl and pyridyl triazole complexes. The structures of the complexes 
investigated are shown in F ig u re  4 .1 . [Ru(bpy)2(pytr)]+, 3, and 
[Ru(bpy)2(pztr)]+, 4 , are used as reference complexes to which the properties 
of the C-5 substituted complexes are compared. Deuteriatlon of ligands has a 
number of useful properties. It leads to an increase in the excited state 
lifetime if the excited state is located on the deuteriated ligand. It  also leads to 
the shifting of vibrational bands associated with the deuteriated ligand. Both of 
these effects have been exploited in the following sections. Throughout this 
chapter the postscript d refers to a complex in which the bpy ligands are fully 
deuteriated, while p refers to the perprotio complexes. The effect of 
substitution and protonation on the absorption spectrum has been investigated 
using ground and excited state Raman spectroscopy. Temperature dependent 
emission studies, along with Time Correlated Single Photon Counting, have 
been used to probe the THEXI state and the nature of the processes leading to 
its deactivation. Computational studies have been used to model the location 
of electron density in the ground and excited state. Throughout the chapter 
the results for 1 and H I  are presented first, followed by those for 2 and H2.
4.3.1 Steady State Electronic Spectroscopy.
The visible absorption and emission data for the complexes are shown in 
T a b l e  4 .1 . The lowest energy absorption feature for all complexes is assigned 
to several overlapping singlet metal-to-ligand-charge-transfer ^MLCT) 
transitions (log e ~ 4 ) ,  by comparison with other ruthenium polypyridyl 
complexes14 and on the basis of resonance Raman analysis (iride infra). All 
compounds show strong absorptions (log e ~ 5) at about 280 nm which are n- 
7i* in nature. Overall the electronic properties are typical for pyridyl and
4 .3  R e s u l t s .
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pyrazine triazole complexes {i.e., in comparison with complex 3  and 4 ) .14,15
Figure 4.2: Absorption Spectra for Ip (left) and  2p (right) in conc. H 2S 0 4 (red), p H  1.5 
(green) a n d  p H  7 (blue).
For the pyridine-1,2,4-triazole complex, l p ,  the absorption spectra of the 
protonated and deprotonated species are very different, with a substantial 
blue shift in the A,max occurring upon protonation (~  40 nm) ( F i g u r e  4.2). 
However, for the pyrazine-1,2,4-triazole based complex, 2p , only a small blue 
shift in the of the ^ L C T  absorption bands occurs upon protonation (~  10 
nm). Differential absorption spectra, by Dr. Browne, are included in A p p e n d i x  B 
which show the changes more clearly with a blue-shift in the visible 
absorption bands upon protonation and a red-shift in the 7i-7r*bpy transition in 
UV region. The effects of protonation on the substituted pyridine and pyrazine 
containing complexes are similar to those of related complexes, 3  and 4. In 
strongly acidic solution (i.e., in conc. H2S 04), complex l p  shows no significant 
change in absorption, whilst in contrast, very dramatic changes are observed 
in the absorption spectrum of 2p  when compared to lp ,  with a blue-shift in 
the ^ L C T  absorption bands and the appearance of a very strong absorption 
around 550 nm.
All complexes examined are luminescent in acetonitrile and, weakly, in 
aqueous solution at room temperature and in EtOH/MeOH glass at 77 K. The 
complexes emit in the 600 to 700 nm region and a large blue shift is observed
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on cooling to 77 K. Figure 4.3 shows the emission spectra of lp ,  H ip ,  2p  and 
H 2 p  in acetonitrile a t 293K. As for the absorption spectra, the emission 
maxima of l p  (683 nm) and 2p  (664 nm) are close to that of the related 
complex 3  (677 nm) and 4  (668 nm) respectively. Protonation of l p  results in 
a blue shift in the emission while for 2p  protonation results in a modest red- 
shift.
XAbs /nmA (log
e)
Ei/2 (V vs.
SCE)A
Ru(II/III)
m^ax
293nm
(nm)A
m
pKaC ■^eK/ris* 7^7 K /  (iSB
1 480 (3.93)12 0.86(1.62
irr.)12
683 610 3.0516 110 (135) 3.01 (8.73)
HI 439 (4.03)12 1.19(1.67
Irr.)12
613 575 — 15 (6) 5.76 (7.62)
2 455 (4.15)12 0.95(1.55
irr.)12
664 610 2.1516 82 (184) 7.85 (4.00)
H2 438 (4.18)12 1.23(1.55
irr.)12
672 630 — 312(320) 7.34 (7.56)
334 484 (1.10)17 0.83 677 611 4.1 145 (250) —
H334 442 (1.29) 1.14 611 577 — — —
46 445 (1.14)18 1.01 668 600 3.7 230 (283) 4.45 (7.03)
H40 441 (1.32)18 1.25 658 619 - 230 (230) 4.77 (6.00)
Table 4.1: Photophysical Data of the Complexes, a) in acetonitrile b) in EtOH:MeOH 
(4:1) c) in Robinson Britton Buffer solution.
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Figure 4.3: Emission Spectra for 1p/H1p (left) and 2p/H2p (right) at 293K.
The excited state lifetime for all complexes at 77K and 293K are also 
presented in T a b le  4.1. The lifetimes of the deuteriated analogues are in 
brackets. Deuteriation of the ligand on which the excited state is located
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causes an increase in the lifetime of that complex and hence selective 
deuteriation allows identification of the location of the excited state energy. At 
room temperature deuteriation leads to an increase in the excited state 
lifetime for 1 and 2. The lifetime of the unsubstituted analogues, 3 and 4, are 
also seen to increase on deuteriation. The protonated complexes H2 and H4 
are seen to remain unchanged on deuteriation. For the protonated pyridyl 
triazole complexes the lifetimes are very short, and in the case of the H3 
accurate measurement was not possible.
The emissive properties of these pyridyl triazole complexes are seen to be 
effected by the choice of solvent (solvatochromic behaviour). F ig u r e  4.4 shows 
the emission from 1 and H I in acetonitrile and Ethanol:Methanol (4:1). 
Emission from the deprotonated complex is approximately twice as intense in 
the alcoholic solvent than in acetonitrile. Amax is also red -  shifted by 20 nm in 
acetonitrile compared to the alcoholic solvents. The excited state lifetime of 
the complex is also seen to shorter in acetonitrile than in Ethanol:Methanol 
(4:1). Upon protonation emission in acetonitrile is very weak and the excited 
state lifetime is very short (2 ns aerated). By comparison, H I is still emissive 
in Ethanol ¡Methanol (4:1) with a lifetime of 14ns. For HI no change is 
observed in Amax on switching solvents. These results highlight the danger in 
comparing temperature dependent emission /  lifetime results at 293K (usually 
in acetonitrile) and those at low temperature using a different solvent.
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Wavelength (nm)
F i g u r e  4.4: So l v a t o c h r o m i c  b e h a v i o u r  o f  1 a n d  HI.
The acid dissociation constants (p /Q  for all complexes are also given in T a b l e  
4.1. The values were obtained from the change in the absorption spectra of 
the complexes with changing pH. The behaviour observed can be rationalised 
by protonation/deprotonation of the triazole moiety. Protonation of the 
coordinated pyrazine ring is possible, however, this occurs at only at negative 
pH i.e. in concentrated H2SO4.18 The ability of the C-5 position to tune the pH 
of the complexes is observed by the changes in pKa of 1 and 2 relative to 3  
and 4 , respectively. The acidity of the coordinated triazole ring has been found 
to be dependent on the nature of the non-coordinated substituent in the C5 
position of the 1,2,4-triazole.19
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4 .3 .2 .1  T em p e ra tu re  D ep en d en t Em ission Spectroscopy.
Temperature dependent measurements have proved invaluable in probing the 
excited state of triazole containing complexes. At low temperature solvent 
reorganisation is slowed in reaction to the formation of an excited state. 
Therefore, low temperature measurements can be used to model very fast 
photo-chemical and -physical processes that occur at room temperature, as 
these processes are also slowed by the delayed solvent reorganisation.20 
Precise control of the solvent temperature also limits the amount of energy 
available to the complexes for activated processes. This allows the study of the 
excited state processes which lead to the return of the ground state.32 
Ethanol: Methanol (4:1) is used as the solvent system as it forms a clear glass 
at low temperature.
F ig u r e  4.5 shows the temperature dependent emission spectra of lp  between 
80 and 180K in Ethanol:Methanol (4:1), with the high temperature region 
highlighted on the right. The glass transition temperature of this solvent is 
between 130K and 140K. There is a large decrease in emission intensity 
between 90K and 130K, which is due to softening of the glass matrix. As the 
temperature is raised above 140K, there is little shifting of the emission 
maxima as the solvent becomes fluid at this point. The spectra of lp  shows 
temperature dependence that is common to most Ru(II) complexes, it is seen 
to red -  shift and decrease in intensity with increasing temperature. The 
presence of a lower energy band is also common to most Ru(II) complexes 
and is attributed to the vibronic structure of the complex at low temperature.
4 .3 .2  T em p eratu re D ep en d en t S p e c tr o sc o p y .
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Wavelength (nm) Wavelength (nm)
Figurk 4.5: Temperature Dependent Emission o f  Ip (Left)80K - 18 0 K  a n d  (Right)
HIGHLIGHTING THE REGION BETWEEN 140- 180K.
The temperature dependent emission of H ip  has also been investigated. The 
spectra for H ip  are shown in F i g u r e  4.6. I t  can be seen in these spectra that 
the high energy band dominates the spectra. As expected H ip  is blue shifted 
with respect to its deprotonated analogue. The protonated complex behaves in 
the same manner as IP ,  in that it shows "normal" temperature dependence 
with only one emission observable. I t  should also be noted that the emission 
from H ip  remains strong even at 200K. This result is not surprising when it is 
considered that the solvatochromie behaviour presented in the previous 
section shows that the protonated complex, H I ,  is still strongly emissive at 
room temperature in Ethanol: Methanol (4:1).
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Figure 4.6:Temperature Dependent Emission Spectra of R 1 p  between (Left)80K -  2 0 0 K  a n d  
(Right) between 140K a n d  20 0K .
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F i g u r e  4.7: T e m p e r a t u r e  D e p e n d e n t  E m i s s i o n  o f  2 p in E tO H : M e O H  (4:1).
F i g u r e  4.7 shows the temperature dependent emission spectra of 2 p  in 
Ethanol: Methanol (4 :1 ) between 90 and 170K- The spectra on the right 
highlight the temperature dependent emission between 130 and 170K. It  is 
important to note the presence of one main peak and also a shoulder in the 
spectra. This shoulder appears similar to a vibronic peak, however, as the 
temperature is increased the intensity of the lower energy shoulder appears to 
grow relative to the main peak. In  the higher temperature spectra the low 
energy peak (now centred at 705 nm) is most intense. As the low energy band 
shows a different temperature dependence to the high energy one it does not
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appear to be a vibronic peak of the complex. This suggests that the low 
energy band is due to a second emission from the complex. To highlight the 
difference in the temperature dependence of l p  and 2p  the normalised 
spectra are shown in F i g u r e  4.8. From these spectra it is clear that the low 
energy peak in 2 p  becomes the dominant emission by 140K and is the only 
emission observable at 180K. These results show that dual emission may be 
present for this complexes. However, more data is required and this is 
obtained via temperature dependent lifetime studies in the next section.
Emission Wavelength (nm) Emission Wavelength (nm)
F i g u r e  4.8: N o r m a l i s e d  T e m p e r a t u r e  D e p e n d e n c e  o f  Ip (l e f t ) a n d  2p (r i g h t ).
Previous studies have investigated the temperature dependent emission 
properties of 3  and 4 .6,21 These studies have previously found that R u(II) 
complexes containing a pyrazinyl triazole ligand also show similar dual 
emissive behaviour. In contrast complexes containing a pyridyl moiety show 
singly emissive behaviour. It  appears from the present work that this 
interesting dual emissive behaviour is not specific for 4 , but also occurs for C-5 
substituted complexes.
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Figure 4.9: Temperature Dependent Emission of H 2 p  in EtOH: MeOH b e t w e e n  (Left) 80K a n d  
180K a n d  (Right) 140K a n d  180K.
F i g u r e  4.9 shows the temperature dependent emission spectra of H 2p . In 
contrast with 1, the protonated analogue of the pyrazine triazole containing 
complex is red shifted at low temperatures. The emission intensity is also 
greatly reduced above the glass transition of the EtOH:MeOH 4:1 solvent 
system. By 180K no emission is observable. The second emission observed for 
2p  is no longer apparent for the protonated complex. I t  should be noted that 
the Amax for H 2 p  at 140K is very similar to that observed for the low energy 
emission of 2p  at this temperature. Previous studies have shown that pyrazine 
triazole containing complexes in which the free nitrogen of the pyrazine is also 
protonated are non -  emissive and hence no spectra were obtained for Ha2p  
in the present study.18
Temperature dependent emission studies have therefore identified two 
emissions in the spectra of 2p , while one is observed for both l p  and H ip .  In  
the case of H 2 p  there is a remarkable decrease in the emission intensity of 
the complex above the glass transition making identification o f a second 
emission difficult.
In  order to further understand the emissive behaviour of complexes 
temperature dependent excited state lifetime measurements were performed, 
with the results presented in following section. Studies of the deuteriated
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complexes were also in agreement with those for the perprotio complexes.
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The excited state lifetime of a complex is another important property which 
can be probed. It  provides information on the rate of deactivation and also 
allows identification of the processes by which the excited states return to the 
ground state. This information can be used to understand the relative energies 
of the 3MLCT and 3MC levels.
T a b le  4.2 shows the temperature dependent lifetime results for I d  between 
140K and 250K with 5K steps. Excited state decay measurements of this 
complex were seen to be mono-exponential at all wavelengths and 
temperatures investigated. This is in agreement with emission results which 
show a single excited state. The graph of 1/Temperature vs. Rate (1/Lifetime 
or 1/x) for this complex is found in A p p en d ix  B with the results obtained 
presented in T a b le  4.5.
4 .3 .2 .2  Tem perature D ependent Excited S tate Lifetime.
Tem perature (K) Lifetime (ns)
140 4 5 2
145 4 2 5
150 398
155 37 8
160 3 5 8
165 340
170 325
175 30 7
180 293
185 277
190 267
195 251
200 240
205 2 2 8
210 216
215 207
220 198
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225 188
230 178
235 170
240 162
245 156
250 149
Table 4.2: Temperature Dependent Lifetimes of Id from 140K -  250K.
T a b le  4.3 gives the temperature dependent lifetime results for H ip  between 
140K and 170K. These results were also seen to be mono-exponential at the 
measurement wavelength, as for the deprotonated complex. Comparison of 
these results with those obtained for H id, in A p p en d ix  B, shows the effect of 
deuteriation on excited state lifetime. The graph obtained by plotting 
1/temperature vs. (1/x) for H id  is shown in F ig u r e  4.10.
Tem perature (K) Lifetime (n s)
140 1589
143 1521
146 1438
149 1408
152 1361
155 1298
158 1247
161 1197
164 1138
167 1067
170 1027
Table 4.3: Temperature Dependent Lifetimes o f H I p f r o m  140K - 180K.
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Appendix B shows the graph of 1/temperature vs. Rate from which we obtain 
the results for the prefactor and activation energy(TABLE 4.5). The lifetime of 
the 1 is shorter than H I  at low temperatures while at room temperature the 
lifetime of 1 is longer. This is not surprising, however, as at 77K the lifetime of 
H I  is longer than that of 1 , and H I  has a stronger temperature dependent 
behaviour (see Table 4 .5 ) which means that its lifetime is reduced more rapidly 
with increasing temperature.
5 0 0 0 0 0  -
4 0 0 0 0 0 -
3 0 0 0 0 0  -
200000 -
100000-
-1 p i i i | i i i | * | i | > I
0 .0 0 3 5  0 .0 0 4 0  0 .0 0 4 5  0 .0 0 5 0  0 .0 0 5 5  0 .0 0 6 0  0  0 0 6 5  0 .0 0 7 0  0 .0 0 7 5
1 /T e m p e ra tu re  (K "')
F i g u r e  4.10: G r a p h  o f  1/Te m p e r a t u r e  v s  R a t e  f o r H I d .
Two equations can be used to fit temperature dependent behaviour. Eqn. 4.1 
shows the Arrhenius type equation. Eqn. 4.2 shows the empirical equation. K0 
is the intrinsic lifetime, k' is the prefactor of the temperature dependent term  
and AEa is the activaition energy.
k, = k0 +k'exp( RT ] EQN. 4.1
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k. = ------------------^ ----------------- - Eqn. 4 .2
1 + exp[C, (1 / 7’ -1  / 7  ^)]
which describes a stepwise behaviour centred at temperature TBi and Cj is 
related to the smoothness of the step. Previous studies have used a both 
equations to fit the temperature dependent behaviour, however in the present 
study only E q n .  4.1 was required to get a good fit to experimental results.
The values obtained were ko = 5.81 x 105 s'1; k' =  7.73 x 109 s'1 and t = 4.09 
x 10‘4 K 1.
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Temperature (K) Lifetime at 580nm (ns) Lifetime at 700nm (ns)
80 5442 9654
90 5486 10055
100 4952 7215
110 1624 4660
120 1525 4332
130 403 768
140 228 499
142 102 322
145 96 304
147 74 283
150 27 286
152 22 224
155 27 228
157 22 224
160 24 230
162 21 224
165 22 226
167 17 216
170 14 212
172 15 209
175 10 195
177 8 192
180 7 187
190 4 172
200 4 169
210 2 161
220 1 150
230 - -
240 - 136
250 - 130
260 - 126
270 - 123
280 - 117
290 110
Table 4.4:Temperature Dependent Lifetimes of [Ru(bpy)2(thpztr)]+ (2p) in E t O H : M e O H  (4:1).
T a b le  4.4 shows the results obtained for the temperature dependent excited 
state lifetimes of 2p. The lifetime was monitored at 2 wavelengths to 
investigate the emissions centred at these wavelengths. It  can be seen from
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these results that the two emissions have different temperature dependencies, 
in agreement with the steady state emission results. The lifetime of the high 
energy emission decays faster than that of the low energy band. 
Measurements were also made at 650 nm to monitor both emissions 
simultaneously. In these measurements biexponential excited state decays 
were observed, again indicating the presence of two emissions in the complex. 
In order to investigate further the deactivation processes for each emission, 
temperature dependent lifetime measurements were taken in 3K steps 
between 140K and 180K. This range was chosen as it is above the glass 
transition temperature for Ethanol: Methanol 4:1 (130-140K) and the emission 
signal was still strong enough to produce satisfactory results.
These results were graphed as 1/temperature against the rate. This graph was 
fit to Eqn 4.1 and from this, the prefactor and activation energy (Ea) for the 
processes which deactivate the excited state were calculated. The graph is 
presented in A p p e n d ix  B. The result for the high energy and low energy 
emissions were calculated separately with the results presented in T a b le  4.5. 
The two excited states have significantly different prefactors and activation 
energies. Again, this indicates the difference in the temperature dependence 
of the two emissions and also that they are deactivated by different processes.
Temperature dependent excited state lifetimes of H2p have been recorded at 
700 nm, the Amax of the complex at 140K. Little change in the Amax is observed 
after 140K as the solvent is fluid at this temperature. A s  seen in F ig u r e  4.9 the 
emission from this complex is very weak above the glass transition. The 
temperature dependent lifetime results (see A p p e n d ix  B) of this complex 
appear to be bi-exponential, however the results do not change consistently 
with increasing temperature. This would indicate that they are not due to 
emission from the complex but due to noise. Therefore the nature of the 
emission from H2p cannot be confirmed by TCSPC.
1 6 4
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Table 4.5 summarises the results for the prefactor and activation energy for all 
complexes. Also included in Table 4.5 are the results obtained from previous 
studies for 3 and 4. Note that the results for k0 are not given for 4  and H4 by 
Keyes et al.6
Complex ko, (s'1) k', (s 1) Ea (cm-1)
IP 2 x10s 8 x 10s 490
Hip 6 x  104 l x l O 9 1200
Hid 6 x lO4 8 x  109 1700
2p High Energy 0 2 x 1012 1500
2p Low Energy 2 x 105 3 x 10b 280
334 1.7 x 106 4.7 x 107 550
H334 1.6 x 106 6.0 x 1010 1700
4 High Energy0 — 2.40 x 1010 850
4 Low Energy6 — 6.52 x 106 80
H46 — 8.2 x 1012 2610
Table 4.5: Calculated Prefactors and Ae for the Complexes.
In general, the results for the 1 and 2 are in agreement with those obtained 
previously for 3 and 4. The temperature dependent lifetime results highlight 
two important points regarding the triazole containing complexes. Firstly, 
protonation of 1 leads to an increase in the prefactor and activation energy of 
the excited state deactivation process. This is indicative of a process that 
deactivates via the 3MC {vide infra). Secondly, the two emissions observed for
2 show clearly different temperature dependencies and hence deactivate via 
different pathways.
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Excited state absorption spectra are used to investigate the changes in 
absorption occurring on formation of the excited state. Both time resolved 
(transient) and steady state measurements are possible. Here time resolved 
measurements are presented. These measurements allow identification of the 
source and destination of the excited electron. The source of the excited 
electron can be identified by the depletion of absorption bands due to this 
moiety i.e. if an electron is removed from the metal centre on excitation, the 
transient absorption spectra will see the loss of absorption bands due to the 
Ru(II) centre. Similarly, the growth of new bands in the transient absorption 
allow the identification of new moieties formed which may be due to their 
oxidation or reduction. Transient absorption spectra are also of vital 
importance in transient resonance Raman measurements (Section 4.3.4.3). 
Transient resonance Raman (TR2) spectra probe the nature of the absorption 
of the excited state molecule. To ensure that resonance enhancement occurs 
in TR2 measurements, the laser wavelength used must be coincident with an 
absorption of the excited state molecule. Therefore, the excited state 
absorption of the molecule must be known and this information is provided by 
transient absorption measurements. The spectra are presented with the 
ground state subtracted to highlight the changes occurring on excited state 
formation. For these measurements the optical density of the sample was near 
1 at the excitation wavelength of 355 nm.
F ig u r e  4.11 shows the transient absorption spectra of l p  in acetone. A bleach 
in the region between 450 - 480nm is observed due to the depletion of the 
ground state. The main excited state absorption is at 385nm with a shoulder 
at 365nm. There is also a long tail in the excited state absorption due to LMCT 
bands.22 This band is in resonance with the 785nm excitation used in the 
Raman studies of the oxidised species.
4 .3 .3  T ran sien t A b so rp tio n  S p ec tra  o f  1p an d  2p.
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F i g u r e  4.11: T r a n s i e n t  A b s o r p t i o n  S p e c t r a  o f  Ip  in a c e t o n e  a t  355 n m .
F i g u r e  4.12 shows the transient absorption spectra of 2p . A bleach in the 
ground state absorption is seen at 465nm while the main excited state 
absorption is at 375nm. Again the LMCT band is observed.
0ns10ns20ns30ns40ns50ns60ns70ns80ns90ns10ns
110ns120ns130ns140ns150ns10ns170ns180ns190ns20ns210 ns
F i g u r e  4.12: T r a n s i e n t  A b s o r p t i o n  S p e c t r a  o f  2p in a c e t o n e  a t  355 n m .
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Raman spectroscopy is an experimental technique that has seen huge growth 
in popularity in recent years. Non -  resonant Raman spectroscopy is a 
structural probe that allows observation of the moieties present based on their 
vibrational characteristics and has a number of practical applications.23 
Resonance Raman measurements are used to investigate the nature of the 
absorptions in complexes and the location of their excited state. Time resolved 
techniques have also been developed to allow greater understanding of 
excited state structures and their evolution with time.
4.3 .4 .1  R am an  S p e c tra  of 1 p/d an d  2p/d.
Raman spectra of the complexes in the solid state were recorded at 785nm. 
These spectra differ from those in the following sections in that the excitation 
energy used is not in resonance with an absorption of the complex. In this 
case resonance enhancement does not occur and it is possible to obtain a 
general overview of all the vibrational modes present. In this section all the 
Raman bands of the complexes are observed and assigned based on their shift 
on ligand deuteriation. The results are also used for comparison with 
calculated vibrational spectra in later chapters.
F i g u r e  4.13 shows the solid state spectra of lp ,  2p and Id  with 785nm 
excitation. Deuteriation enables direct assignment of bpy based vibrational 
bands (at 1601, 1484, 1316, 1269, 1171, 1033, 761 cm'1) and the thpytr (at 
1608, 1552, 1515, 1462, 1434, 1388, 1148, 1097, 1012, 949, 646 cm’1) and 
thpztr (1552, 1460, 1418, 1356, 1143, 1102, 945, 651cm'1) based vibrational 
bands.24 [D8]-bpy vibrational bands are observed at 1561, 1417, 1294, 1251, 
1226, 1196, 1012 and 982 cm'1 for Id .  This is based on the shifting of the 
vibrational bands of the ligands which have been deuteriated, while the bands
4 .3 .4  R am an S tu d ie s .
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due to the perprotio ligands remain unaffected.25 All bands observed are in 
agreement with results obtained previously for triazole containing complexes.26
1600 1400 1200 1000 800 600
Raman Shift (cm-1)
F i g u r e  4.13: So l i d  s t a t e  R a m a n  s p e c t r a  o f  2 p (u p p e r ), Ip (m i d d l e ) a n d  1 d  (l o w e r ) a t  785 n m .
4 .3 .4 .2  R e s o n a n c e  R a m a n  S tu d ie s  o f 1p /d  a n d  2 p /d .
Resonance Raman has been used to investigate the nature of the absorption 
spectra of the thienyl substituted complexes. In  resonance Raman 
spectroscopy the probe laser wavelength is co-incident with an absorption 
band of the complex. The resonance enhancement effect causes the bands of 
the ligand associated with this absorption to be greatly increased (~ 1 0 4 -  106). 
An overview of the resonance enhancement effect is provided in Chapter 1. 
This therefore allows the identification of ligands that are populated upon 
excitation i.e. the singlet excited state. In  all the following spectra deuteriation 
has again been used to assign the nature of the peaks in the spectra.
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F ig u re  4 .1 4  shows the resonance Raman spectra of l p  and I d  in H 20  with 
Xexc = 457 nm.
1600 1500 1400 1300 1200
Raman Shift (cm-1)
F ig u re  4.14:Resonance  Ram an  spectra of Ip  and  Id  in H20  with A,exc = 457 n m .
F ig u re  4 .1 4  shows that the peaks at 1 6 0 5 , 1 5 6 3 , 1 4 8 5  and 1 3 2 0  cm"1 shift 
upon deuteriation and are therefore assigned as bpy peaks. No peaks due to 
the pyridyl triazole ligand are observed.
F ig u re  4 .1 5  shows the spectra o f the protonated pyridyl triazole ( H ip )  
complex and its deuteriated analogue. Again deuteriation leads to shifting of 
all the peaks observed (at 1 6 0 3 , 1 5 6 1 , 1 4 8 5  and 1 3 2 0  cm'1) indicating that the 
^ L C T  absorption for the protonated complex is also bpy based at the high 
energy side of the absorption.
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Raman Shill (cm-1)
F i g u r e  4.15: R e s o n a n c e  R a m a n  s p e c t r a  o f  H 1 p  a n d  H 1 d  in H ,0 w i t h  W  =  457 n m .
Resonance Raman spectra have also been measured at 488 nm excitation. 
F i g u r e  4.16 shows the spectra of lp  and H ip , and their deuteriated analogues 
( I d  and H id ) .  I t  should also be noted that there appears to be a reduction in 
the spectral quality of the deuteriated complexes at 488 nm excitation.
1600 1500 1400 1300 1200 1100
Ramai3iift(cm')
Figure 4.16: Resonance R a m a n  spectra of Ip, Id, H i p  a n d  H 1 d  in H 20  with Xexc =  488 nm.
All the peaks observable in the spectra of l p  and H ip  (a t 1606, 1561, 1488 
and 1318 c m 1) are seen to shift on deuteriation of the bpy ligands. Thus no
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contribution from the pyridyl triazole to the absorption band at 488 nm is
observed in both the protonated and deprotonated complexes.
Complexes containing a pyrazinyl triazole ligand were also investigated. F i g u r e  
4.17 shows the resonance Raman spectra of 2 p  and 2d  in H20  with 457 nm 
excitation.
160 150 140 130 120Raman Shift (on-1)
Figure 4.17: Re s onance R a m a n  spectra of 2p a n d  2d  in H 20  with K xc =  457 n m .
Again peaks due to the bpy moiety are observable at 1608, 1564, 1492 and 
1320 cm"1. However there are also peaks due to the thpztr moiety at 1601, 
1517, 1375 and 1194 cm"1. Their identity is confirmed by their insensitivity to 
deuteriation.
F i g u r e  4.18 shows the spectrum of H 2 p  and its deuteriated analogue in H20  
with 457.9 nm excitation. Again bands due to both the bpy ligands (at 1564, 
1494 and 1320 cm"1) and the Hthpztr moiety (a t 1549, 1517, 1391 and 1192 
cm"1) are seen indicating that both ligands are involved in the absorption at 
that wavelength.
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1517
Raman Shift (ctrl)
FIGURE 4.18: RESONANCE RAMAN SPECTRA OF H 2 P  AND H 2 D  IN H 20  AT 457 NM EXCITATION.
F i g u r e  4.19 compares the deprotonated and protonated complexes at 488 nm 
excitation. As with Figure 4 .16 a reduction of the spectral quality of the 
deuteriated complexes is observed at 488 nm. For 2 p  and H 2 p  peaks due to 
the bpy ligands (at 1562, 1491 and 1320 cm'1) are observable, with peaks due 
to thpztr (a t 1514, 1375 and 1194 cm'1) and Hthpztr (a t 1517 and 1387 cm"1) 
also seen. Resonance Raman therefore indicates the bands of the ^ L C T  of 
2 p /d  and H 2 p /d  consists of absorption due to population of both the 
pyrazinyl triazole and the bpy moieties of the complex.
H2d
1600 1500 1400 1300 1200
Raman Shift (cm1)
F ig u r e  4.19: R eso n an ce  R am an  S p e c tra  of 2p, 2d, H2p a n d  H2d in  HaO a t  488 n m  e x c ita tio n .
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Resonance Raman spectra of the oxidised complexes l p + and 2 p +, in H20 ,  
( F i g u r e  4.20) in contrast to those of lp /2 p ,  show no characteristic [H8]-bpy 
features. The samples were oxidised using ammonium cerium (IV) nitrate in 
H20 . The excitation wavelength used is in resonance with a strong absorption 
assigned as a ligand to metal charge transfer (LMCT) band {vide supra). The 
absence of vibrational bands assignable to bpy ligand vibrations is not 
unexpected since the oscillator strength o f LMCT absorptions has been shown 
to be dependent on the electron donor properties of the ligands.27 In  the 
present case the electron rich thiophene substituted triazole ligand results in a 
much more intense LMCT absorption band than expected for this class of 
complex. Hence the observation of vibrational bands not assignable to the bpy 
ligand supports the assignment of the absorption to a pyridyl or pyrazinyl 
triazole -to-metal charge transfer band.
g
Raman Shift (cm-1)
Figure 4.20: R e s o n a n c e  R a m a n  spectra of (Top)Ip' and(Bottom)2ph, inbasic/H20  a t 785 n m .
4 .3 .4 .3  T ra n s ie n t  R e s o n a n c e  R a m a n  S p e c tro s c o p y .
Transient resonance Raman spectra of l p  and 2 p  in CD3CN, both in a 
deprotonated and protonated state, are shown in F i g u r e  4.21. The observation 
of strong bands at 1212 and 1285 c m 1 in the spectra of l p , H l p  and 2p , 
assigned to the bpy anion radical, confirm the assignment of the lowest 
emissive state as being from a bpy based 3MLCT in these complexes. In  the 
case of H 2 p , there is a notable absence of these bands. I t  is possible that a
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shift in the excited state absorption out o f resonance with the 355 nm 
excitation line is responsible for their absence. However on the basis of 
transient absorption spectra of the related complexes 3  and 4 , and other 
similar complexes22, this is unlikely. Based on earlier transient Raman studies 
of 4 6, it can be concluded that for H 2 p  the lowest excited state is pyrazine 
based. Observation of bands due to the pyrazinyl radical is difficult due to 
overlap with the neutral bpy modes. However, as there are no bpy radical 
bands and previous studies have shown the excited state to be Hthpztr based, 
the bands at 1493 and 1431 cm'1 are probably due to the pyrazine radical.6 In 
aqueous solution, a similar situation is observed. The switching of the location 
of the excited state is in agreement wit the results observed by emission 
spectroscopy(section 4 .3 .2 .2 ) and confirm the ability to switch the location of 
the excited state by pH control.
Raman Shift (cm-1)
Figure 4.21: Transient  R am an  spectra of a ) H2p, b) 2p, c) H I p an d  d) Ip in CD3CN 0,;xc355 
nm ).
In  the spectra of l p  and 2 p  bands assigned to the neutral 1,2,4-triazole based 
ligands are also observed suggesting contribution from thpytr and thpztr based 
absorptions at 355 nm .11
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4 .3 .5 .1  E lec tron ic  P roperties .
In order to gain more insight into the electronic properties of the complexes 
1 / H I  and 2 /H 2 , DFT calculations were carried using the B3LYP functional 
and the LanL2DZ basis set. For the protonated complexes a complication 
arises in regard to the point of protonation, whether it is at N1 or N4 (Figure 
4.1). Previous studies on the relative reactivity of the nitrogens of a 1,2,4- 
triazole ring have indicated that the N1 position is slightly less acidic than the 
N4 position.28 However, due to the potential to introduce additional steric 
interactions in protonation at the N1 position, in the present study, the N4 
position of the 1,2,4-triazole was protonated for the DFT calculations of H I  
and H2. After geometry optimisation with an ultrafine integration grid, the 
molecular orbitals were described in terms of contributions from various 
groups in the molecule: for 1 and H I:  Ru -  the Ru atom, p y -  the pyridine 
ring, (H )tr- the triazole moiety; th -  the thiophene moiety; bpyl and bpy2- 
the two bipyridines; for 2  and H2: pz represents the pyrazine ring. Tables of 
this molecular orbital data are given in Appendix B. The isosurfaces for the 
HOMO-1, HOMO, LUMO and LUMO+1 of 1 /  H I  and 2 /  H2 are shown in 
Figure 4.22 and Figure 4.24, respectively. In the frontier region, neighbouring 
orbitals are often closely spaced. In such cases, consideration of only the 
HOMO and LUMO may not yield a realistic description of the frontier orbitals. 
For this reason, partial density of states (PDOS) diagrams, which incorporate a 
degree of overlap between the curves convoluted from neighbouring energy 
levels, can give a more representative picture of the nature of the frontier 
orbitals. The PDOS diagrams obtained for 1  /  H I  are shown in F ig u r e  4.23 
while those for 2  /  H 2  are in Figure 4.25.
4 .3 .5  D en s ity  F u n ction a l T heory.
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L U M O + 1  4
LUMO
HOMO
HOMO-1
FIGURE 4.22: ISOSURFACES OF HOMO-1, HOMO, LUMO AND LUMO+1 ORBITALS FOR lp  (LEFT) AND 
HIP (RIGHT).
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Figure 4.23: PDOS Diagrams of Ip(top) andH1p(bottom).
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F igure 4.24: Isosurfaces of HOMO-1, HOMO, LUMO and  LUMO+l orbitals for2p (left) and  
H2p (right).
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LUMO + 1
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eV
Figure 4.25: PDOS diagrams for 2p(top) and H2p(bottom).
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the LUMO is on the bpy ligands. However, interesting results are observed for 
the protonated complex. The LUMO of Hip appears to have significant 
electron density on both the bpy ligands and on the Hthpytr. Appendix B also 
shows the molecular orbital population data for lp / Hip. From this it is seen 
that there is a large contribution from the pyridine of the thpytr ligand to the 
LUMO and the LUMO+3. This somewhat contradicts both the emission and 
Raman results (vide supra) as these suggest that the excited state is based on 
the bpy ligands for the pyridyl triazole containing complexes, irrespective of 
protonation state.
Figure 4.23 shows the PDOS for lp and Hip. As expected, protonation leads 
to a shifting to lower energy, reflecting the increased oxidation potential of the 
protonated complex (see Table 4.1). The energy of the pyridine orbital of the 
thpytr ligand is also reduced on protonation. It  has a significant contribution to 
the LUMO frontier orbital, however it is not the lowest energy frontier orbital. 
The molecular orbital data (Appendix B) for lp shows that the majority of the 
excited state (LUMO) is located on the two bpy ligands. The PDOS also show a 
significant contribution to the HOMO frontier orbitals from the thiophene 
moiety. It  is at higher energy than the metal centre for the deprotonated 
complex and at similar energy for the protonated complex. This does not 
agree with the electrochemistry results which show the first oxidation on the 
metal centre and the second (irreversibly) oxidation at 760 and 480 mV lower 
energy IP  and Hip, respectively. Overall both the PDOS and isosurfaces for 
IP  show that the HOMO frontier orbitals have contributions from both the Ru 
centre and the thiophene moiety. On protonation the energy of the metal 
centre is reduced, as is that of the thiophene. This leads to a reduced overlap 
between the Ru and thiophene for the protonated complex.
For 2p, the HOMO is based on thiophene and triazole, with also a significant 
contribution from Ru (Figure 4.24). The LUMO is based on one of the bpy 
ligands. The same information is shown in the PDOS spectrum in Figure 4.25. 
In addition, the PDOS spectrum for 2p shows that the n* orbital of the
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pyrazine ligand is at higher energy than that of the bpy. The metal-based 
frontier orbitals are the HOMO-2 to HOMO-4 (Appendix B).
In contrast, the HOMO of H2p has an increased contribution from the Ru 
centre (Figure 4.24). The location of the LUMO has changed from bpy to 
pyrazine. The PDOS spectrum shows the overall changes in electronic 
structure. In the protonated complex, the metal centre has a large contribution 
to the first four occupied orbitals (Appendix B). The PDOS spectrum of H2p is 
shifted to lower energy by about 3.5eV, compared to that of 2p. This indicates 
the increased difficulty in removing an electron from the HOMO of H2p, which 
is due to the increased charge on the complex, in agreement with 
electrochemical measurements. A comparison of the PDOS spectra of 2p and 
H2p shows that the 71*  orbital of the pyrazine is shifted to lower energy on 
protonation, so that the LUMO is now pyrazine-based. These results are in 
agreement with previous emission and Raman6 results for 4 which show that, 
at room temperature, the ground state is based on the bpy ligands in the 
deprotonated complex and switches to the pyrazine triazole ligand on 
protonation. Protonation also has an effect of the degree of overlap between 
the Ru and thiophene orbitals in the HOMO frontier orbitals. For 2p there is a 
large overlap between these two moieties, however, on protonation the 
amount of interaction is reduced.
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Electronic spectroscopy is the most fundamental method of investigation of the 
photophysical properties of a complex. UV /  Vis spectroscopy allows 
observation of the various electron transitions possible in a complex. These 
can range from intraligand n -  n* to Metal to Ligand Charge Transfer, which 
are of particular interest in Ru(II) complexes. These measurements show the 
energy difference between the ground state and the ^LC T . By contrast, 
emission spectroscopy gives information on the energy difference between the 
thermally equilibrated 3MLCT state and the ground state.
The UV /  Vis absorption properties of the complexes 1 and 2 show a close 
comparison with those of the analogues (3 and 4), but are slightly red shifted. 
This is due to the electron withdrawing nature of the thienyl substituent2, 
reducing the electron density on the triazole containing ligand and increasing 
its tt -  acceptor ability. Upon protonation, a blue shift in the absorption 
spectra is observed for both complexes. For 1, protonation results in large blue 
shift (~40 nm), in agreement with observations on other mononuclear pyridyl- 
1,2,4-triazole complexes. For 2, protonation results in a smaller blue shift of ~  
20 nm. Protonation, for both complexes, leads to a reduction in the o-donor 
ability of the triazole ligand. The energy of the metal orbitals are, therefore, 
reduced leading to the blue shift in the absorption spectra. The reduced shift 
observed in 2  is due to the increase n -  acceptor ability of the pyrazine moiety 
on protonation of the triazole.
The emission properties again show small effects due to the substituent at the 
C-5 position. The thienyl group causes a red shift in the spectra due a 
reduction of the electron density on the thpytr /  thpztr ligand. Protonation of 1 
leads to a blue shift in the spectra caused by a reduction of the electron 
density at the metal centre. However, protonation of 2 leads to slight blue 
shift in the emission maximum. This is due to the switching of the location of
4 . 4  D i s c u s s i o n .
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the emissive excited state(vide infra). When the excited state is located on the 
pyrazine triazole ligand (as in H2) the electron withdrawing properties of the 
thiophene reduces the electron density on the pyrazine and hence increases 
the red shift observed in this complex, relative to 4.
The acid-base emission properties bear close comparison with related systems. 
The pKa values determined for both complexes are lower than for 3 and 4 16 
This confirms the electron withdrawing nature of the thienyl group. As is 
typical, the pyrazine complex is more acidic than the analogous pyridine 
complex, due to the greater electron withdrawing nature of the pyrazine
29ring.
Temperature dependent spectroscopy investigates the emissive properties of 
complexes when the temperature is closely controlled. In present studies the 
temperature region between 80K -  250K is investigated. The results are 
compared to those obtained for similar triazole containing complexes and for 
Ru(II) complexes in general.
Temperature dependent emission spectroscopy of 2p is in agreement with 
previous results6 for 4, that deprotonated complexes containing a pyrazinyl 
triazole moiety have two emissions at low temperatures. This, therefore, 
shows that dual emissive behaviour is not limited to 4 but is a feature of 
complexes containing a deprotonated pyrazinyl triazole ligand. This shows the 
ability in triazole complexes to tune certain properties, such as pKa or redox 
potential, without losing the interesting excited state behaviour observed. 
Between 140K and 180K it is possible to resolve these emissions spectrally as 
both emissions are reasonably intense. For lp a single emission is observed, 
along with a vibronic band at ~ 45 nm lower energy. This is common in bpy 
containing complexes with vibrational progressions assignable to bpy 
framework vibrations.30 This is due to an emission from v'm = 0 -> vm = 1 where
v'm is an excited state vibrational mode and vm is the ground state .
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For 1, the increased electron density of the triazole ring raises the energy of 
the pyridine moiety in the thpytr ligand. This leads to a substantial energy 
difference between the pyridine triazole ligand and that of the two bpy ligands. 
Therefore on excitation there is a strong driving force for the THEXI state to 
be formed on the bpy in 1. However, in 2 pyrazine is a better n -  acceptor 
than pyridine. This causes the energy of the thpztr ligand to be reduced and to 
be similar to that of the bpy ligands. This leads to a significant Boltzmann 
distribution of both the thpztr"* and bpy'* excited states.6 At low temperatures 
there is not enough energy to overcome the barrier between the two excited 
state and hence two THEXI states are observed. This energy barrier is 
contributed to by both inner and outer sphere effects. Inner sphere effects are 
due to the changes in nuclear distances of the ligands in the two excited 
states.31 Outer sphere effects are due to the orientation of solvent molecules 
in the excited state.31 When the excited state is formed on one of the ligands 
the solvent molecules re-orientate to accommodate this dipole. In order for 
the excited state to switch to another ligand the solvent would have to change 
its position to lower the energy of the new dipole. As the temperature is 
increased the solvent becomes less viscous, reducing the energy required to 
switch between the ligands.
Triazole complexes are pH sensitive and protonation leads to changes in their 
emissive properties. For Hip / Hid the complex is still singly emissive. This is 
confirmed by both the emission (Figure 4.6) and lifetime measurements 
(Figure 4.10 and Appendix B). Protonation of the triazole ligand in 1 does not 
lead to a switching of the excited state as observed for H2p in Raman studies. 
In HI, there is still sufficient energy difference between the bpy ligands and 
the pyridyl triazole ligand such that a single excited state is formed on the bpy. 
Protonation also leads to a decrease in the molecular dipole in the complex 
which in turn reduces the outer sphere barrier to thermal equilibration. The 
effect of the molecular dipole on excited state dynamics is examined in greater 
depth in Chapter 5.
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Temperature dependent excited state lifetime measurements have been used 
to calculate the activation energies and prefactors for the deactivation of the 
excited states formed. The results are presented in T able 4.5. From these the 
coupling and deactivation processes can be elucidated. In general the 
activated processes can be separated into two categories32:
Category A: Small activation energies (< 8 0 0  cm'1) and low prefactors (< 1 0 9 s' 
*)■
Category B: Large activation energies (> 2 000  cm"1) and large prefactors 
( > 1 0 n  s'1).
Complexes with activation energies and prefactors in category A are indicative 
of deactivation via a state that is only weakly coupled to the 3MLCT manifold. 
This is similar to a state observed by Meyer and co-workers33 in photostable 
R u (II) polypyridyl complexes. I t  is attributed to the so called "fourth" MLCT 
state of increased singlet character. The calculated activation energy is 
therefore the energy difference between the 3MLCT and the fourth MLCT. 
Complexes which fall into category B are deactivated via the 3MC. Deactivation 
via the 3MC may occur by a number of processes, which are outlined in Figure
4.26.
Ground State Ground State Ground State
Figure  4.26: Deactivation of 3MLCT via  3m c  state . L eft shows the activated 3MC decay 
and  Right is the non-activated  3m c  decay.
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The processes shown in Figure 4.26 were highlighted by Balzani et at. for 
deactivation of the excited state via the 3MC.32 ki is the rate of crossing from 
the 3MLCT to the 3MC, k2 is the rate of the backward process and k3 is made 
up of all the processes which lead to the deactivation of the 3MC (i.e. rate of 
dissociation, rate of radiationless deactivation etc.). When the 3MC is 
populated from the 3MLCT the calculated prefactors and activation energies 
can represent a number of deactivation pathways. When k3 > >  k2 then the 
results reflect the surface crossing 3MLCT to 3MC surface crossing (Type i) and 
Ea is the activation energy for 3MLCT to 3MC surface crossing.
When k2 > >  k3 then the majority contribution to the deactivation is due to 
decay of the 3MC (type ii-1 or 2). There are two processes which can lead to 
this decay: activated and non-activated decay. For the activated process (type 
ii-1 ), the activation energy and prefactor relate the energy required to reach 
the dissociative state. Note that there are two contributions to the activation 
energy(red arrows -  Ea) in this case. One contribution is the equilibration 
energy of the 3MLCT and 3MC, while the other is for the activation to the 
dissocative level. For the non-activated process, the activation energy 
represents the difference between the 3MLCT and the 3MC levels, while the 
prefactor corresponds to the non - activated 3MC decay.
The emission observed for 1 is seen to fall into category A. Therefore, in the 
deprotonated state the pyridyl triazole complexes do not decay via the 3MC, 
which is consistent with the increased photostability of complexes. This is 
attributed to the strong a-donor properties of the triazole moiety leading to an 
increased ligand field splitting. These results are similar to those obtained 
previously34 for 3, in which a prefactor of 4.7 x 107 s'1 and an activation 
energy of 550 cm'1 were obtained.
In contrast to 1, protonation of the triazole leads to an increase in the 
prefactor and activation energy of the excited state decay pathway. The
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results for HI are close to those of category B. Protonation of the triazole 
leads to a reduction of its o-donor ability. This, in turn, leads to a reduction in 
the ligand field splitting and hence the 3MLCT -  3MC energy gap. The results 
for the deuteriated complex, Hid, are within an order of magnitude of results 
obtained for H3 in a previous study.34 The prefactor and activation energy 
associated with type i and ii- 1  are, in principle, high frequency ( 1 0 13 -  10 14 s'1) 
vibrations whose activation leads to the 3MLCT -  3MC surface crossing 
region.32 As the results for HI are lower than this it is thought that the excited 
state in the protonated complex is deactivated via a non -  activated process 
(type ii-2 ) and the activation energy is the energy difference between the 
3MLCT and 3MC.
The two emissions observed for the 2 have different temperature 
dependencies as seen by the large differences in their activation energies and 
prefactors. The lower energy emission of 2 is similar to 1, in that its calculated 
properties fall into category A. This emission is, therefore, deactivated via 
equilibration with the fourth MLCT state of increase singlet character. The 
activation energy is the energy difference (280 cm"1) between the two states. 
By comparison with previous results6 it is though that this state is bpy based.
The second emissive state, at higher energy, has a prefactor and activation 
energy which leads it to be in the category B. The frequency of the vibrations 
associated with the prefactor are not sufficiently large to lead to the 3MLCT -  
3MC crossing region (as with HI). Therefore deactivation of the higher energy 
of 2p is via non-activated crossing from the 3MC.
Transient absorption spectra are vital in the interpretation of excited state 
resonance Raman measurements. They allow selection of the appropriate 
excitation wavelength in transient resonance Raman measurement so that the 
excited state absorption is probed. Figure 4.11 and Figure 4.12 show that 1 
and 2  both have an absorption at 355 nm region indicating that the excited 
states of both complexes are indeed being probed with resonance
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enhancement. If  there was not a sufficient absorption for resonance 
enhancement of the excited state, the TR2 measurements may only produce 
spectra with ground state bands. This may lead to the misinterpretation that 
no excited state is formed.
For lp the bleach between 440 and 500 nm is due to a loss of the ^L C T  
ground state absorption. This is due to excitation from the Ru(II) centre22 and 
depletion of this band indicates that there is no Ru(II) present in the excited 
state. The excited state band centred at 390 nm is due to tt to tt* absorption 
of the ligand. The LMCT absorption observed at higher wavelengths is due to 
bpy to R u(III) LMCT.22 This again shows that the Ru(II) metal centre is 
oxidised on photoexcitation. Results for 2p are in agreement with those 
obtained for IP ,  with a bleach observed due to depletion of the ^LC T  
absorption and the appearance of absorptions due to ligand based tt to tt* and 
LMCT. Again, there is a sufficient absorption in the excited state at 355 nm to 
allow resonance enhancement in the excited state.
In the present work Raman measurements have been used to overview 
allowed vibrational bands in the complexes while resonance Raman 
measurements probe the nature of the absorption bands. When excitation is 
used that is close in energy to that of an absorption band, the vibrations of the 
moiety responsible for this absorption are increased by a factor of 10 6. 
Transient resonance Raman (TR2) investigates the excited state of the 
complex as it uses the trailing edge of a laser pulse to probe the excited state 
which is formed by the leading edge of the same pulse. In TR2, the resonance 
effect ( vide supra) is also used to enhance the bands of the excited state 
moiety.
Resonance Raman measurements of lp/d and Hlp/d show that the ^L C T  
for pyridyl triazole containing complexes is bpy based. This is in agreement 
with previous results16 and is due to the added electron density of the triazole 
moiety increasing the excited state energy level of the ligand. For complexes
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2p/d and H2p/d, the ^ L C T  absorption band is due to an overlap of the 
pyrazinyl and the bpy based absorptions.16 The high electron density of the 
triazole ligand increases the energy of the pyridyl and pyrazinyl moieties 
attached to it in 1/HI and 2/H2, respectively. However, since the pyrazinyl 
moiety is a better tt -  acceptor than the pyridine its energy is still low enough 
to overlap with the bpy ligands in the absorption spectra.
Transient resonance Raman spectra show bands due to both the excited and 
ground state of the complexes investigated. The absence of excited state 
peaks for the thpytr ligands in 1 and HI indicate that the excited state is 
based on the bpy ligands irrespective of protonation state for the pyridyl 
complexes. For both 1 and HI bands for the bpy radical are observed at 1285 
and 1 2 1 2  cm'1. 2 also produces spectra which do not contain any excited state 
triazole bands, with the bands for bpy' still present at 1285 and 1212 cm'1. 
This indicates that the excited state in the deprotonated pyrazinyl triazole 
complex (H2) is also bpy based at room temperature. However, in H2p bands 
due to Hthpztr' only are observable at 1493 and 1431 cm'1. Although these 
bands may be overlapping with neutral bpy bands, the absence of the bpy 
radical bands confirm that the excited state is no longer located on the bpy.6 
This indicates the switching of the excited state from the bpy ligand to the 
triazole containing ligand on protonation in H2. This further indicates the 
subtle energy balance that is apparent in the pyrazinyl complexes which is not 
replicated for the pyridine moiety.
Computational methods can be used to investigate a number of properties of 
chemical interest such as reactivity and hardness.35 The present studies focus 
on complimenting experimental work and results are presented for the partial 
density of states and HOMO-LUMO gap.
DFT calculations highlight the contrast in the degree of interaction between 
the metal centre and the thienyl moiety in the ground and excited states. In 
the ground state, 2p shows contributions from both the thienyl and the Ru in
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the levels H-4 to HOMO, which may be considered the occupied frontier 
orbitals. However, in the excited state the unoccupied frontier orbitals, LUMO 
to LUMO+4, show contributions from the bpy moieties but little or no 
contributions from the Ru and thienyl. A similar picture emerges for 1. The 
degree of interaction appears to be reduced for HI and H2, upon protonation 
of the triazole. On protonation the energy of both the Ru(II) centre and the 
thienyl containing ligands is reduced, leading to a decrease in the overlap of 
these moieties in the HOMO frontier orbitals. Previous studies of thienyl 
bridged mixed valence dimers12 have suggested that interaction is due to 
HOMO assisted superexchange. The contribution from the Ru(II) and thienyl 
moieties to the HOMO frontier orbitals are in agreement with this proposal. 
This, therefore, suggests that interaction in these triazole bridged dyads 
occurs via hole transfer mechanism which is promoted by the negative charge 
on the triazole. The effect of protonation to reduce the level of interaction also 
suggest that the negatively charged triazole is important for communication in 
the dyad. The interaction is not solely dependent on the triazole ligands as 
studies of phenyl12 and dimethoxyphenyl1(d) bridged complexes show weak 
interaction, in both protonation states, due to the slight electron withdrawing 
nature of this substituent. It  is also important the note that the pyridine /  
pyrazine which is attached to the triazole is largely a spectator in the HOMO 
assisted process. This highlights the varying role which ligands play in the 
ground and excited state and, once again, the importance of treating the 
ground and excited state complexes as different species.
The frontier orbitals the shown in Figure 4.22 -  Figure 4.25 may also be 
related to the electrochemistry of the complexes (Table 4.1) .12 For the 
protonated complexes, HI and H2, there is an overlap between the metal 
centre and the electron -  rich thiophene moiety. This indicates that the metal 
and ligand oxidation potentials should be similar. However, this does not agree 
with electrochemical results which shows the irreversible ligand based 
oxidations at 480 mV and 320 mV higher energy for HI and H2, respectively. 
Upon deprotonation the energy of the metal orbitals are seen to decrease due
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to the reduced o -  donor ability of the triazole. The energy of the thiophene is 
seen to remain relatively unchanged and, therefore, appears to be the higher 
energy moiety in the HOMO. This is not reflected in the electrochemical results 
(Table 4.1) in which the energy difference between the reversible (metal -  
based) and irreversible (ligand -  based) oxidations increases to 760 mV and 
500 mV for 1 and 2, respectively. It therefore appears that DFT calculations 
do not agree well with the experimental results. The reason for this is unclear, 
although it is in agreement with previous results36 in which DFT did not 
accurately predict the ordering of metal -  based oxidation potentials for a 
series of Ru(II) triazole complexes.
Computational data helps to rationalise the mode of interaction between the 
Ru(II) centre and the thienyl moiety, and by extension, between two metal 
centres. The lack of contribution of the thienyl moiety to the frontier orbitals of 
the LUMO indicates that the presence of C-5 substitution does not effect the 
excited state properties of the complex, in agreement with emission and 
lifetime results. Again the computational data aids in understanding how C-5 
substitution affects electrochemical, but not temperature dependent emissive, 
properties.
The calculated isosurfaces for the LUMO and LUMO+1 have been used to 
approximate the location of the 3MLCT excited state in lp, Hip, 2p and H2p. 
There are a number of assumptions which must be borne in mind, namely: 
that the virtual Kohn-Sham orbitals from the DFT calculations are equivalent to 
unoccupied orbitals; that the lowest energy transition is to the lowest 
unoccupied orbitals; and that the ^ L C T  is located on the same ligands as the 
3MLCT state.
The effect of deuteriation may also be used to predicted the location of the 
excited state in heteroleptic complexes.37 I f  the excited state is located on the 
ligand which has been deuteriated then the excited state lifetime is seen to 
increase. For lp, Hip and 2p the electron density of the LUMO is based
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predominantly on the bpy ligands (see Figure 4.22 and Figure 4.24). For both 
IP and 2p deuteriation of the bpy ligands lead to an increase in lifetime of at 
least 20% (see Table 4.1). A reduction in lifetime is observed for Hip, 
however this complex is weakly emissive in acetonitrile at room temperature 
and, therefore, the result is prone to error. For H2p, computational studies 
predict that the excited state will be based on the pyrazine-triazole ligand. As 
would be expected, deuteriation of the bpy ligands in this complex has little 
effect on the excited state lifetime in this case (Table 4.1) with the change 
being well within experimental error(± 5% ). Therefore, computational 
chemistry appears well able to predict the location of excited state electron 
density and the assumptions proposed in the preceding paragraph are valid.
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This chapter serves as the first introduction to dual emission in the present 
work. The results obtained in this chapter offer an increased understanding of 
the dual emission observed for Ru(II) complexes containing a pyrazinyl triazole 
ligand and are in agreement with those obtained by Keyes et atI6 The 
persistence of this phenomenon on substitution of the triazole shows that the 
behaviour is not confined to the complex [Ru(bpy)2(pztr)]+. This information 
allows the possibility to design complexes with emissive and redox properties 
tailored for specific uses in supramolecular assemblies. The ability to control 
emissive properties via the 3MLCT -  3MC energy gap, as opposed to simply 
that of the 3MLCT -  ground state as highlighted in the energy gap law, is also 
investigated via the rate of excited state deactivation. It  is also important to 
note how the temperature dependent emission and lifetime studies are used to 
compliment one another and gain a more definitive view of the processes 
occurring. The effect of protonation on both these deactivation pathways is 
useful as it provides a basis for easily controlled molecular switching. Shown in 
Figure 4.27 is the excited state structure of IP .  Based on the emission 
energies at 140K the pyrazine based 3MLCT and the bpy based 3MLCT are 
separated by 1445 cm"1. This is similar to the activation energy of the 
obtained from the temperature dependent lifetime studies (1500 cm"1) of the 
higher energy process. However, it should be remember that since the 
pyrazine 3MLCT is at higher energy at all times, equilibration of this 3MLCT with 
that of the bpy is always possible but is restricted by inner and outer sphere 
effects. The energy difference between the lower bpy based 3MLCT and the 
3MC is almost 3000 cm'1 (this consists of the 3MLCT bpy to 3MLCT pyrazine 
energy difference and the activation of the 3MLCT pyrazine process) which 
would account for the photostability of the deprotonated complex.
4 . 5  C o n c l u s i o n .
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Figure 4.27: Excited State Structure o f  [Ru(bpy)2(thpztr)]+, 2p.
The results also allow for a more detailed understanding of the nature of the 
interaction between the thienyl and ruthenium (II) -  based components of 
these complexes, which may also be regarded as simple dyads. Although it is 
tempting to consider the thienyl group as an innocent part of the Hpytrth and 
Hpztrth ligands (as is suggested from the temperature dependent emission 
results), in electronic terms such a simplification is not appropriate for 
understanding the overall properties of the systems. I t  is clear that in the 
ground state there is significant interaction between the metal centre and the 
thiophene moiety. However, in the excited state the effect of the thiophene is 
minimised as seen by the emission properties of the complexes. I t  is clear 
from examination of the properties of the complexes in their ground and 
THEXI electronic states that the degree of interaction between the 
components is critically dependent on the electronic state (i.e., ground or 
excited) and that extrapolating conclusions based on study of ground state 
interaction to excited state systems is not always justified. This information is 
then extended to dinudear complexes in the hope of further understanding 
metal -  metal communication in systems with the potential to act as 
modulators of excited state energy.
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P h o t o p h y s i c a l  I n v e s t i g a t i o n  o f  C o m p l e x e s  
o f  t h e  T y p e  [ R u ( L L ) 2 ( p z t r ) ] +
Chapter 5 investigates the photophysical properties of pyrazine triazole complexes 
with a variety of LL ligands. Both the emissive and the absorption properties are 
investigated. The absorption properties are investigated using Raman spectroscopy 
(both steady state and transient) and transient absorption. Temperature dependent 
emission and single photon counting studies are used to investigate the emissive 
properties. Emission from two excited states is seen for deprotonated phenanthroline 
containing complex at low temperature. In contrast, for the complexes containing the 
biquinoline and diphenylphenanthroline ligands only a single emission is observed in 
both the protonated and deprotonated state. The results obtained are compared to 
those observed for the bipyridine analogues.
Computational studies have also been undertaken to gain further insight into the 
photophysical processes and the energies of the excited states present in the 
complexes.
C h a p t e r  5
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The ability to tailor the chemical and physical properties of complexes is 
central to their incorporation into larger supramolecular systems. A wide range 
of properties are required depending on the overall aim of the molecular 
device. For example, the antenna or light harvesting portion of a solar energy 
device would require good absorption over the visible spectrum, while at the 
reaction centre of a photocatalyst the stability of both the oxidised and 
reduced states is more important.1,2 In order to provide maximum control over 
these properties a variety of mono, bis and tris -  chelating ligands have been 
investigated by photo -  chemical and -  physical studies. The most extensively 
used monochelates include chloro, amino and pyridyl ligands. While bischelate 
ligands are the most predominate of those studied as a number of trischelate 
ligands such as terpyridine3 have also been studied. Although investigations 
into the applications of tris -  chelated Ru(II) complexes are ongoing, the 
photostabilty of the complexes, prompted by the bite angle of the ligands, 
remains a major drawback.4
While [Ru(bpy)3]2+ is by far the most studied and best understood of all the 
Ru(II) complexes, other homoleptics have also received significant attention.5 
The majority of the ligands used in these investigations are structurally 
analogous to 2 ,2 ' -  bipyridine (bpy) in an attempt to copy its beneficial 
properties while trying to minimise its shortcomings. The emission studies 
which have been carried out have not only investigated the electron donating 
and withdrawing effects of the substituents but also the positional dependence 
and steric effects.6 Some of the substituents employed have included chloro7, 
methyl8, bromo9 and carboxy10 groups. Table 5.1 shows results obtained for a 
selection of substituted complexes.5,11 For the majority of substituents 
employed the changes are seen to be quite minor.
5 .1  I n t r o d u c t i o n .
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LL Absorption (nm) Emission (nm) Lifetime (ps)
Bpy8 452 615 1 .1 0
3,3' -  Me2 -  bpy8 456 625 0 .2 1
4,4' -  Cl2 -  bpy7 462 632 0.48
4 -  IM02 -  bpy7 480 700 0 .1 2
4,4' -  diphenyl - bpy12 474 638 0.67#
Phen13 442 604 0.46
T a b le  5.1: Selected Photophysical P roperties o f [Ru(LL)3]2+ complexes. Measurements 
are in a c e to n itr ile  o r  w ater*
The second most widely studied ligand in Ru(II) photochemistry is most 
probably 1,10-phenanthroline. Homoleptic complexes of this ligand have many 
of the same photophysical properties as that of bpy (see Table 5.1). 
Complexes of the type [Ru(LL)2(dppz)]2+ (where dppz is dipyrido-[3,2-a:2',3'- 
c]phenazine and LL is bpy or phen) have been thoroughly investigated due to 
the "light -  switch" effect where the complexes are non -  emissive in H20  but 
are strongly luminescent in aqueous DNA solutions.14 The addition of a phenyl 
group at the 4,4' position of the bpy ligand was shown to have a large effect 
on the photophysical properties of the homoleptic complex by McCusker6 etal. 
By comparing [Ru(dpb)3]2+ (where dpb is 4,4' -  diphenyl -  2,2' -  bipyridine) 
with those that were increasingly sterically hindered, this work showed that 
the ability of the phenyl rings to move into the plane of the bpy ligand in the 
excited state and increase the quantum yield and lifetime of this complex.
The increased tt -  acceptor properties of the biquinoline ligand results in the 
deep purple colour of the complex [Ru(biq)3]2+ (where biq is 2 ,2 ' -  
biquinoline). The ability of this complex to absorb over a wide range of the 
visible spectrum has lead to interest in the incorporation of this ligand in to 
photo -  driven devices. However, the weak a -  donor properties of this ligand 
also results in reduction of its photostabilty in comparison to other Ru(II) 
complexes.
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Ligands containing a 1,2,4 -  triazole moiety have been the focus of attention 
for the Vos research group for quite some time. The presence of more than 
one nitrogen makes this ligand suitable as a bridging moiety in multinuclear 
complexes. In mononuclear complexes the free nitrogens allow the possibility 
of pH dependent photo -  physics and -  chemistry. In the deprotonated state 
the increased electron density of the triazole resulted in an increased 3MLCT -  
3MC energy gap and hence photostabilty.
Bis -  chelating ligands containing a triazole moiety initially incorporated a 
pyridine. These complexes showed increased photostabilty compared to their 
bipyridine analogues and the ability to control their properties with pH.15 The 
pyrazine triazole ligand was subsequently studied with the complex 
[Ru(bpy)2(pztr)]+ (where pztr is 2-(l,2,4-triazol-3-yl)-pyrazine) showing 
interesting emissive properties at low temperatures.19 This complex was shown 
to emit from both the pyrazine and bipyridine ligands between the 140 and 
200K. Due to the similarity in energy of the two ligands there was little driving 
force for the equilibration of all the excited state energy on a either of the 
ligands. At low temperatures, there was insufficient thermal energy to 
overcome the barriers to equilibration. The observation of only a single 
emission for the protonated complex showed that this effect was not due to 
experimental artefacts, and also highlighted the temperature and pH 
dependent photophysics of triazole containing complexes.
Figure 5.1 gives the structures of the ligands discussed in the text of the 
current chapter.
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2 ,2 ' - bipyridine (bpy) 2 .2 ' - biquinoline (biq)
1 ,1 0 - phenanthroline (phen) 4  7 . diphenyl 1 ,1 0 - phenanthroline (dpp)
2
[1,2,4]-triazol-3-yl-pyrazine (pztr)
F ig u r e  5.1: Structure of Ligands Discussed in the Text.
Throughout this work the previous results obtained for [Ru(bpy)2(pztr)]+ are 
presented for comparison. In all sections the results for the biq containing 
complexes are given first followed by those for phen and finally those of 
[Ru(dpp)2(pztr)]+. The sections have been structured in this manner as 
[Ru(biq)2(pztr)]+ is seen to be singly emissive and, as such, shows a 
temperature dependent behaviour which would be more familiar to the reader. 
Next, the biexponential excited state decay and dual emission of 
[Ru(phen)2(pztr)]+ introduces the phenomenon of two non -  equilibrated 
excited states. Finally the results obtained for the dpp containing complex are 
surprising and raise some interesting points about the causes of dual emissive 
behaviour.
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The complexes [Ru(biq)2(pztr)]+, [Ru(phen)2(pztr)]+ and their deutomers were 
synthesised by Dr. Christine O'Connor. The complete syntheses can be found 
in her thesis.16 [Ru(dpp)2(pztr)]+ and its deuteomers were obtained from Dr. 
Wesley Browne.20 CHN analysis and XH NMR of the complexes are found in the 
relavant theses. Deuteriation of ligands was carried out by previously 
published methods.17 Briefly perprotio samples were heated to ~  200 °C under 
pressure in D20  in the presence of 10% w/w Pd /  C catalyst.
The experimental methods used are outlined in Chapter 2.
5 .2  E x p e r i m e n t a l  P a r t .
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The work presented in the current chapter seeks to investigate the 
photophysical properties of complexes containing pyrazine triazole ligands in 
conjunction with alternative symmetrical diimine ligands (sometimes referred 
to as LL ligands). The ligands have been selected for a number of reasons. 
The biq ligand is a stronger tt -  acceptor and weaker a  -  donor than bpy and 
is, therefore, expected to change the relative energies of the two possible 
3MLCT states, and the 3MLCT and 3MC energy gap. In contrast, the phen 
ligand has very similar donor /  acceptor properties to bpy. The dpp ligand has 
similar donor and acceptor properties as phen (and hence bpy) but previous 
studies have shown that the ability of the phenyl rings to cant and form a 
large delocalised excited state has a significant effect on the emissive 
properties.6 The intention of this study is to use a variety of techniques to gain 
an understanding of the processes which lead to the formation and 
deactivation of the excited state. An overview of the excited state properties is 
initially presented in the form of steady state electronic spectroscopy. The 
temperature dependent emission spectroscopy results are then presented so 
as to observe the effect of the LL ligands on the dual emission phenomenon. 
The ligands which contribute to the formation of the excited state are then 
investigated using transient absorption and resonance Raman techniques. 
Finally, the results of computational studies are given. This work is intended as 
an a priori studies in order to gain further information on the experimental 
results already obtained. Deuteriation has also been used in this work to a 
large extent, with it being particularly valuable to aid in the assignment of 
bands in vibrational spectroscopy studies. Selective deuteriation of ligands also 
allows prediction of the location of the excited state. 17
5 .3  R e s u l t s .
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T able 5.2 provides the photophysical data obtained for the complexes 
discussed in the text. Also included are the results obtained previously for 
[Ru(bpy)2(pztr)]+ for comparison. The lowest energy absorptions reported 
below are assigned as due to several overlapping metal -  to -  ligand charge 
transfer (MLCT) transitions, by comparison with other Ru(II) complexes18 and 
on the basis of the Raman spectra obtained ( vide infra). The spectra of these 
complexes also show transitions in the 200 -  300 nm range which are tt -  tt* 
in nature. The spectra are comparable to their homoleptic analogues and other 
pyrazine -  triazole complexes. The ground state spectra are given in Appendix  
C-9.
5 .3 .1  S t e a d y  S ta te  E le c tr o n ic  S p e c t r o s c o p y .
A^bs /nm (log
E)a
Eox (V 
vs
SCE)
Xmax 293K 
(nm)a
A™ 77K 
(nm)b
*298 K (ns)a Reference
Ru(bpy)2(pztr)]+ 445 (3.18) 1.01 668 600 230 16, 19
Ru(bpy)2(Hpztr)]2+ 441 (4 .12) 1.25 658 619 230 16, 19
Ru(b¡q)2(pztr)r 576 (4 .10) 1.02 782 742 220 16
Ru(biq)2(Hpztr)]¿+ 550 (3.67) . . . 746 720 . . . 16
Ru(phen)2(pztr)]+ 430 (3 .68) 0.87 654 587 130 16
Ru(phen)2(Hpztr)]2+ 415 (3.79) 642 565 — 16
Ru(dpp)2(pztr)]+ 440 0.93 665 610 — 20
Ru(dpp)?(Hpztr)]2+ 430 650 624 . . .
Table 5.2: Photophysical Properties of Complexes Discussed in the Text, a) in
acetonitrile, b) in Ethanol: Methanol (4:1).
The absorption spectra of all complexes are seen to undergo a hypsochromic 
shift on protonation. The energy of the main absorption bands of both 
[Ru(phen)2(pztr)]+ and [Ru(dpp)2(pztr)]+ are quite similar. However the biq 
containing complex is seen to be red -  shifted by ~  6,000 cm'1.
The complexes are emissive at room temperature in acetonitrile and at 77K in 
an Ethanol: Methanol glass. Again, the energy of the biq transition is seen to 
be red -  shifted in comparison to both the phen and dpp containing complexes 
at room temperature and at 77K. At low temperatures all the complexes are
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strongly emissive with their emission maxima blue -  shifted when compared to 
293K.
The oxidation potential of the complexes are also presented. The oxidation 
potential of the phen and dpp complexes are similar, with the biq containing 
complexes shifted to a higher potential. The redox potentials of the protonated 
complexes were not obtained due to problems with deposition on the 
electrodes in these measurements.
5.3.2 Temperature Dependent Emission Spectroscopy.
Temperature dependent studies have been to be important probes of excited 
state structure. Early investigations into the manifold of excited states present 
in [Ru(bpy)3]2+ used the fine structure of very low temperature (<  10K) 
emission measurements to obtain energy differences and quantum yields 
between the states.21 At higher temperatures (77 -  150K) the restriction of 
solvent reorientation in glass matrices can be used to model ultrafast 
processes.22 In the present work temperature dependent studies are used to 
limit the amount of energy available for molecules to overcome the barriers 
between difference states and hence obtain more information on the excited 
state structure.
5 .3 .2 .1  T e m p e ra tu re  D ep en d en t Em ission Spectroscopy.
As noted in the introduction the complex [Ru(bpy)2(pztr)]+ was seen to be 
dual emissive at low temperatures due to two non -  equilibrated excited 
states.19 This was discovered via temperature dependent emission 
spectroscopy which showed the presence of two emissions with differing 
temperature dependencies. The present section investigates the complexes 
containing the dpp, biq and phen ligands under the same conditions. For 
[Ru(bpy)2(pztr)]+ bi-exponential excited state decay was only observed for the 
deprotonated complex while the protonated complex (Ru(bpy)2(Hpztr)]2+)
206
Chapter 5 -  [Ru(LL)2(pztr)]+
showed "normal" mono-exponential decays attributed to a single excited state 
moiety. In the present study attempts were made to study both the 
protonated and deprotonated complexes.
The emission spectra given below show red shifting of the excited state 
emission maxima on increasing temperature, accompanied by a concurrent 
decrease in emission intensity. This is as expected and is due to the softening 
of the glass matrix and the subsequent increase of its ability to stabilise the 
excited state.
Figure 5.2 gives the temperature dependent emission spectra of 
[Ru(biq)2(pztr)]+ in EtOH: MeOH (4:1) between 80 K and 200 K. The spectra 
on the right highlight the temperature range between 140 K and 200 K which 
is above the glass transition temperature for this solvent matrix. Above 140 K 
it is assumed that the solvent is fluid, the glass matrix is no longer present and 
the effects of matrix inhomogeneities can be discounted from any results 
obtained. Matrix inhomogeneities refer to localised differences in solvent 
configurations which lead to variations in the energies of the excited state 
formed in molecules at these positions. As noted in the preceding section the 
emission band of the biq-containing complex is red -  shifted compared to that 
of the phen and dpp complexes. As the temperature is increased its emission 
intensity decreases and the energy is red -  shifted. For this complex a 
shoulder is not observed on the main band at any temperature. Also 
observable is an emission at ~ 600 nm at lower temperature which is due to 
scatter. From these spectra it appears that there is a single emissive excited 
state in [Ru(biq)2(pztr)]+.
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Wavelength (nm) Wavelength (nm)
Figure 5.2: T emperature Dependent Emission of [Ru(biq)2(pztr)]+ in EtOH: MeOH (4:1) 
Between (left) 80K and 140K, (right) 140K and 200K.
Figure 5.3 shows the temperature dependent emission spectra of the 
protonated complex, [Ru(biq)2(H pztr)]2+. The emission maxima for this 
complex are blue -  shifted compared to the deprotonated complex. Again, 
increasing temperature results in a red -  shift of emission maximum and a 
decrease in intensity. As with the deprotonated complex no shoulder is 
observed on the main band at any temperature which indicates a single 
emissive excited state.
Wavelength (nm) Wavelength (nm)
Figure 5.3: T emperature Dependent Emission of [Ru(biq)2(hpztr)]2+ in EtOH: MeOH (4:1) 
between (left) 80K and 140K, (right) 140K and 180K.
The temperature dependent emission spectra of [Ru(phen)2(pztr)]+ in Ethanol: 
Methanol (4 :1 ) was also obtained and is shown in Figure 5.4. As with the other
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spectra, the maxima are seen to red -  shift and decrease in intensity as the 
temperature is increased. Again, this is due to ridigiochromatic effects. 
Particular note should be taken to the spectra on the right of Figure 5.4. In 
these spectra the relative intensity of the emission and its lower energy 
shoulder (a t 630 and 675 nm at 140K, respectively) are seen to change as the 
temperature is increased. The effects are highlighted in Figure 5.5 by the 
normalised spectra.
Wavelength (nm) Wavelength (nm)
Figure 5.4: T emperature Dependent Emission of [Ru(phen)2(pztr)]+ in EtOH: MeOH (4:1) 
between (Left) 80 and 130K, and (R ight) 140 and 200K.
Wavelength (nm)
Figure 5.5: Normalised T emperature Dependent Emission of [Ru(phen)2(pztr)]+ between 
130 AND 160K.
209
Chapter 5 -  [Ru(LL)2(pztr)]+
I t  can be seen in the spectra shown in Figure 5.5 that the intensity of the 
lower energy band (~ 6 75  nm) grows relative to that of higher energy as the 
temperature is increased. At 150K, the low and high-energy emissions are of 
similar intensity, while at 160K the lower energy emission is dominant. This 
behaviour is similar to that observed for [Ru(bpy)2(pztr)]+ previously19 and 
indicates the presence of two emitting moieties at low temperatures. The 
nature of these excited states are further investigated using temperature 
dependent excited state lifetime measurements in the next section which is 
also used to confirm the presence of two excited states.
The temperature dependent emission spectra of [Ru(phen)2(Hpztr)]+ are 
shown in Figure 5.6. In  these spectra two bands are observed below the glass 
transition temperature. As the temperature was increased the band at lower 
energy is seen to decrease and is no longer visible above 140K. This was 
observed previously for R u (II) complexes containing a bpy ligand at low 
temperature and is known as a vibronic progression. It  has been assigned as 
due to emission to a vibrationally hot ground state .23 I t  is due to an emission 
from y'm = 0 ^ v m =  1 where v'm is an excited state vibrational mode and vm is
the ground state
Wavelength (nm)
Figure 5.6: T emperature Dependent Emission Spectra of [Ru(phen)2(Hpztr)]+ between 
(LEFT) 80 AND 130 K AND (RIGHT) 140 AND 170K.
----- BOK
90 K 
100K
Wavelength (nm)
-140K
210
Chapter 5 -  [Ru(LL)2(pztr)]+
Figure 5.7 gives the temperature dependent emission spectra of 
[Ru(dpp)2(pztr)]+ in EtOH: MeOH between 80K and 200K. At 80K a shoulder is 
observed on the main emission band at lower energy (~660  nm). This band is 
seen to reduce, relative to the main band, as the temperature is increased. 
Again this is behaviour consistent with a vibronic progression. The temperature 
dependent excited state behaviour observed here differs from that observed 
for [Ru(bpy)2(pztr)]+ (and [Ru(phen)2(pztr)]+ above) in that as the 
temperature is increased the intensity of the main emission and the lower 
energy shoulder decrease simultaneously. This indicates that in the excited 
state for [Ru(dpp)2(pztr)]+ it is possible for both the emitting states to 
equilibrate and for emission to occur from a single ligand site.
Wavelength (nm) Wavelength (nm)
Figure 5.7: T emperature Dependent Emission of [Ru(dpp)2(pztr)]+ in EtOH: MeOH (4:1) 
BETWEEN (LEFT) 80K AND 140K AND (RIGHT) 140K-200K.
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----- 80K
90K
Wavelength (nm)
F ig u r e  5.8: T emperature Dependent Emission of [Ru(dpp)2(hpztr)]2+ in EtOH: MeOH (4:1) 
BETWEEN (LEFT) 80K AND 140« AND (RIGHT) 140K-200K.
Figure 5.8 gives the temperature dependent emission spectra of 
[Ru(dpp)2(Hpztr)]2+ between 80 and 200 K. At all temperatures only a single 
emission is observed.
At this point, it is important to note that the pH dependent emission from 
pyrazinyl triazole containing complexes is non -  facile. Figure 5.9 gives the pH 
dependent emission from [Ru(phen)2(pztr)]+ and [Ru(biq)2(pztr)]+ in aqueous 
Robinson -  Britton buffer solution. No change is observed in emission intensity 
between pH 4 and 11 for [Ru(biq)2(pztr)]+ and pH 6 and 11 for 
[Ru(phen)2(pztr)]+. This is in disagreement with the results of the methylated 
pyrazine triazole complex, [Ru(bpy)2(3-M epztr)]+, which has an emission 
maximum at pH 3.2 in acetontrile.24,25 As the pH is further decreased the 
emission is seen to decrease. This is due to the protonation of the pyrazine 
ring and the formation of the non -  emissive cationic species.26 The presence 
of [Ru(LL)2(H 2pztr)]3+ species is, however, problematic for low temperature 
studies as its temperature dependent behaviour has not previously been 
studied. I t  is for this reason that temperature dependent lifetime studies have 
not been carried out on the protonated complexes in the following section.
Wavelength (nm)
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F igure 5.9: pH Dependent Emission of (Left) [Ru(phen)2(pztr)]+ and (right) [Ru(biq)2(pztr)]+ 
in Robinson -  Britton Buffer Solution.
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5 . 3 . 2 . 2  T e m p e r a t u r e  D e p e n d e n t  E x c i t e d  S t a t e  L i fe t im e .
Temperature dependent excited state lifetime measurements are used to 
investigate the deactivation pathways of these complexes. These 
measurements provide information on the rate of excited state deactivation 
when the energy available to the molecule is strictly controlled.
Temperature (K) Lifetime (ns)
240 589
235 604
230 614
225 626
220 638
215 651
210 663
205 676
200 689
195 704
190 727
185 738
180 757
175 777
170 800
165 819
160 839
155 861
150 885
Table  5.3: T emperature Dependent Lifetimes of [Ru(biq)2(pztr)]+ from 150 -  240K.
Table 5.3 gives the temperature dependent lifetime of [Ru(biq)2(pztr)]+ 
between 150 and 240 K. The excited state lifetime in these measurements is 
seen to decay via a single exponential at all wavelengths and temperatures 
measured. This indicates that there is a single emissive excited state and is in
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agreement with the steady state emission results obtained (see Figure 5.2). 
These results were fit to Eqn. 5.1 where T  is the temperature and k is the 
reciprocal of the lifetime.
k  = k 0 + k ' e  RT Eqn. 5.1
From this graph, the activation energy and prefactors of the excited state 
deactivation were obtained. The results for all the complexes examined are 
shown in Table 5.6. Figure 5.10 shows the graph obtained for 
[Ru(biq)2(pztr)]+.
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Figure 5.10: G raph of 1/Temperature vs. Rate for [Ru(biq)2(pztr)]+.
Table 5.4 gives the temperature dependent excited state lifetimes of 
[Ru(phen)2(pztr)]+ between 170 and 260K. The excited state of this complex 
required two exponentials to be accurately fit. However, the results obtained 
for the shorter decay of the complex did not change in a systematic way. This 
was due to the overlap of the shorter decay with an intense instrumental 
response from the flash lamp. Figure 5.11 gives an example of the excited 
state decay of [Ru(phen)2(pztr)]+ at 4 different temperatures. For the decays
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between 140 and 146K two exponentials are required to fit these decays. At 
149K only a single exponential is required and the decay appears to show only 
a single emissive species
Temperature (K) Lifetime (ns)
260 157
250 191
240 266
230 291
2 2 0 301
2 1 0 306
2 0 0 311
195 314
190 322
185 324
180 331
175 342
170 359
Table  5.4: Temperature Dependent Lifetime o f  [Ru(phen)2(pztr)]+ from 170 - 260K.
Time (ns)
Figure 5.11: Exam ple o f  De c a y  o f  [Ru(phen)2(p zt r )]+ at  140 - 1 49K.
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Table 5.5 gives the temperature dependent excited state lifetime of 
[Ru(dpp)2(pztr)]+ between 140 and 250K. As with the biq containing complex, 
[Ru(dpp)2(pztr)]+ is seen to decay with a mono -  exponential lifetime at all 
temperatures.
Temperature (K) Lifetime (ns)
250 535
240 545
230 555
2 2 0 562
2 1 0 578
2 0 0 594
190 600
180 612
170 629
160 673
150 791
140 986
Table 5.5: T emperature Dependent Lifetime of [Ru(dpp)2(pztr)]+ between 140 and 250K.
Figure 5.12 compares the excited state decays of [Ru(phen)2(pztr)]+ and 
[Ru(dpp)2(pztr)]+ at 143K. I t  can be seen from these decays that two 
exponentials are required for the phen complexes while the decay of 
[Ru(dpp)2(pztr)]+ can be fit using only a single exponential.
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Time (ns)
Figure 5.12: Comparison of the Excited State Lifetime Decays of [Ru(phen)2(pztr)]+ and 
[Ru(dpp)2(pztr)]+ at 143 K.
The results obtained for the prefactors and activation energies of the excited 
state deactivation are given in Table 5.6.
Complex ko ( s 1) k ( s 1) Ea (cm’1)
[Ru(biq)2(pztr)]+ 8 x 1 0 4 5 x  1 0 5 280
[Ru(phen)2(pztr)]+ 2  x 1 0 6 2 x 1 0 6 530
[Ru(dpp)2(pztr)]+ l x l O 5 4 x  1 0 5 400
T able  5.6: Calculated Activation energies and prefactors.
5.3.3 Transient Absorption Spectra.
Transient absorption spectroscopy is a useful technique to probe the excited 
state of a complex and also aids in the interpretation of the excited state 
Raman spectra. The spectra are presented as differential absorption spectra 
after subtraction of the spectra due to the complex in the ground state. This 
makes it possible to view the changes that occur on excited state formation. 
Transient absorption spectra also provide useful information on the excited
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state Raman measurements. These spectra provide the absorption maxima of 
the excited state and it can therefore be seen if there is sufficient absorption in 
the excited state for resonance enhancement to occur during the Raman 
measurements. For these measurements the optical density was near 1 at the 
excitant wavelength of 355 nm. All the ground state spectra are given in 
Appendix C-9.
Figure 5.13 gives the transient absorption spectra of [Ru(biq)2(pztr)]+ in 
acetone. There is a significant bleach of the bands at 350 and 560 nm on 
excited state formation. This is due to the depletion of the bands of the ^ L C T  
absorption in the ground state. There is also a grow -  in of bands at 400 and 
450 nm which is assigned as a tt -»• tt* transition.27 At wavelengths longer 
than 600 nm there is an absorption tail which is most likely Ligand -  to -  Metal 
Charge Transfer (LMCT).
0 ns 200 ns
20 ns 220 ns
40 ns 240 ns
60 ns 260 ns
400 500 600 700 800
Wavelength (nm)
Figure 5.13: T r a n s ie n t  A b s o r p t i o n  S p e c t r a  o f  [R u ( b iq ) 2( p z t r ) ] + in  A c e t o n e .
Figure 5.14 shows the transient absorption spectra of [Ru(dpp)2(pztr)]+ in 
acetone. For this complex a large bleach is observed between 450 and 500
219
Chapter 5 -  [Ru(LL)2(pztr)]+
nm. Also observed are absorptions in the excited state at 350 and 600 nm. As 
with [Ru(dpp)2(pztr)]+ an absorption tail is observable at wavelengths longer 
than 600nm , which can be assigned as due to LMCT transitions.
I t  is important to note that for [Ru(biq)2(pztr)]+ there is no excited state 
absorption at 355 nm. However since this is a difference spectrum these 
results must be compared to the ground state spectra to see if there is an 
excited state absorption.
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Figure 5.14: T r a n s ie n t  A b s o r p t i o n  S p e c t r a  o f  [R u (d p p ) 2( p z t r ) ] + in  A c e t o n e .
5.3.4 Raman Studies.
Raman spectroscopy is a technique which has seen a resurgence in recent 
years. In the present work, resonance Raman spectroscopy has been used to 
investigate the nature of the absorption bands which lead to the formation of 
the excited state. Transient studies have also been used to probe the location 
of the excited state.
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5 .3 .4 .1  R e s o n a n c e  R a m a n  S p e c t r a .
Figure 5.15 shows the resonance Raman spectra of [Ru(dpp)2(pztr)]+ and its 
deuteomer in H20  with 457.9 nm excitation. The main bands observable in the 
spectra are highlighted at 1626, 1556, 1515, 1440 and 1261 cm'1. None of the 
bands are seen to move on deuteriation of the pyrazine triazole ligand and 
hence are assigned as due to the dpp moiety. This is in agreement with 
previous results.29
1556cm1
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Figure 5.15: R e s o n a n c e  R a m a n  S p e c t r a  o f  [R u (d p p ) 2( p z t r ) ] + in  H20  w i t h  457.9 nm  
E x c i t a t i o n .
Figure 5.16 shows the resonance Raman spectra of [Ru(dpp)2(Hpztr)]2+ and its 
deuteomer in H20  with 457.9 nm excitation. Again none of the bands are seen 
to move in the spectra of the deuteriated complex. Therefore none of the 
bands are due to the pyrazine triazole ligand.
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Figure 5.16: Resonance Raman Spectra of [Ru(dpp)2(Hpztr)]+ in H20  with 457.9 nm 
Excitation.
Figure 5.17 shows the resonance Raman spectra of the deuteomers of 
[Ru(phen)2(pztr)]+ in MeOH with 488 nm excitation.
Ffeman3Tft(cm1)
Figure 5.17: R e s o n a n c e  R a m a n  S p e c t r a  o f  [R u (p h e n ) 2( p z t r ) ] + a n d  i t s  D e u t o m e r s  in  M e o h  
with 488 nm  E x c i t a t i o n .
The spectra of [Ru(phen)2(d4-pztr)]+ shows bands at 1580 and 1453 cm 1 
which are assigned as due to the phen moiety by comparison with previous
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results.29 In  these spectra there is the possibility of overlap between the pztr 
and phen bands. A vibration due to both the phen and pztr moieties has been 
previously observed at 1514 cm"1. At this point deuteriation aids in the 
assignment of this band. This peak is only observable in the spectrum of 
[Ru(phen)2(d4-pztr)]+ and not [Ru(d8-phen)2(pztr)]+, and therefore we can 
assign the bands in these spectra as being solely due to the phen ligands. The 
spectrum of [Ru(d8-phen)2(pztr)]+ shows a band at 1600 cm '1 which is not 
present in the spectra of the d4-pztr complexes and is therefore due to the 
pyrazine moiety .28 The resonance Raman spectra of the protonated complex 
[Ru(phen)2(Hpztr)]2+ is given in the Appendix C. The signal to noise ratio of the 
spectra are poor, however, and bands due to the phen ligand only are 
observable.
Figure 5.18 give the resonance Raman spectra of the [Ru(dpp)2(pztr)]+ in 
MeOH with excitation at 488 nm. In  the spectrum of [Ru(dpp)2(pztr)]+ bands 
are observable at 1630, 1596, 1560, 1455, 1443, 1293 and 1264 cm'1. None of 
these bands are seen to shift in the spectrum of the deuteromer [Ru(dpp)2(d4- 
pztr)]+ and hence can be assigned as due to the dpp ligands. These bands are 
in agreement with results obtained by Chang etal. for phen.29
1596cm'1
Figure 5.18: R e s o n a n c e  R a m a n  S p e c t r a  o f  [R u (d p p ) 2( p z t r ) ] + in  MeOH w i t h  488 nm 
E x c i t a t i o n .
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Next the spectrum of the protonated complex was examined. Figure 5.19 gives 
the spectra of [Ru(dpp)2(Hpztr)]2+ and its deuteromer in the same conditions 
as above. Again the bands observed (at 1550 and 1445 cm'1) are seen to be 
insensitive to deuteriation of the pyrazinyl triazole ligand and are therefore 
assigned as due to dpp.
1445 cm1
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Figure 5.19: R e s o n a n c e  R a m a n  S p e c t r a  o f  [R u (d p p ) 2( H p z t r ) ] 2+ in  MeOH w i t h  488 nm  
E x c i t a t i o n .
The excitation energy was then shifted to 514 nm to probe the absorption 
further in the red region. Figure 5.20 gives the spectra of the deuteomers of 
[Ru(phen)2(pztr)]+. Bands are observable at 1513 and 1452 cm' 1 in the 
spectrum of [Ru(phen)2(d4-pztr)]+. A band observed at 1604 cm'1 is seen to be 
only present for the perprotio pztr spectra and is therefore assigned as due to 
the pyrazine moiety.
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F ig u r e  5.20: R e s o n a n c e  R a m a n  S p e c t r a  o f  [R u ( p h e n )2( p z t r ) ]+ in  MeOH w it h  514 n m  
E x c it a t io n .
Figure 5.21 gives the spectra of [Ru(phen)2(Hd4-pztr)]2+ and its deuteomers in 
methanol with 514 nm excitation. The spectral quality in these measurements 
is poor. This is reflective of the reduced signal to noise ratio for protonated 
complexes ( vide supra) and also on deuteriation of ligands. I t  also should be 
noted that the absorption bands of the complexes are quite weak at this 
energy and therefore the magnitude of the resonance enhancement is 
reduced. However, a band is observable for [Ru(phen)2(Hd4-pztr)]+ at 1455 
c m 1 and at 1435 cm' 1 for [Ru(d8-phen)2(Hpztr)]2+. These bands are assigned 
as due to the phen and Hpztr moiety, respectively, based on previous 
studies.18,29
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Figure 5.21: R e s o n a n c e  R a m a n  S p e c t r a  o f  [R u (p h e n ) 2( H p z t r ) ] 2+ in  M e O H  w i t h  5 1 4  nm  
E x c i t a t i o n .
The spectra of the deprotonated complex [Ru(dpp)2(pztr)]+ was also of poor 
quality and is given in Appendix C. I t  shows a number of bands at 1604 ,1595 , 
1556, 1441 and 1263 cm"1 which remain unchanged after deuteriation of the 
pyrazinyl triazole ligand. These are, therefore, assigned as due to the dpp 
ligands. Spectra of [Ru(dpp)2(Hpztr)]2+ and its deuteomer were also obtained, 
however, the spectral quality was poor.
5 . 3 . 4 . 2  T r a n s i e n t  R e s o n a n c e  R a m a n .
Transient resonance Raman probes the excited and ground state of the 
complexes investigated. The pulsed beam acts as both a pump and a probe. In  
order to probe the excited state, the complex must possess a significant 
absorption in both the ground and the excited states so that the excited state 
is formed and the resonance occurs with the probe beam, respectively. The 
ground state absorption information for these complexes are given in T able 5.2 
while the excited state absorption spectra are shown in section 5.3.3.
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Figure 5.22 gives the excited state resonance Raman spectra of 
[Ru(biq)2(pztr)]2+ with 355 nm excitation with acetonitrile as solvent. The 
spectrum of [Ru(biq)2(pztr)]+ shows bands at 1593, 1461, 1373 and 1340 cm" 
1. These bands appear insensitive to deuteriation of the pztr ligand and are still 
visible in the spectrum of [Ru(biq)2(d4-pztr)]+. Although the transient 
absorption spectra showed no absorption at 355 nm, this is a difference 
spectrum and reflects changes from the ground state. The ground state 
absorption (Appendix C-9) shows a strong absorption at 355 nm and therefore 
there is also an absorption in the excited state. These bands are therefore 
assigned as biq".
1372 cm1
Raman Shift (cm1)
Figure 5.22: E x c i t e d  S t a t e  R e s o n a n c e  R a m a n  s p e c t r a  o f  [R u ( b iq ) 2( p z t r ) ] + in  A c e t o n i t r i l e
with 355 nm Excitation .
Figure 5.23 gives the spectra of the protonated complex, [Ru(biq)2(Hpztr)]2+, 
and its deuteomers. A number of bands are observed at 1534, 1512, 1377, 
1253 and 1251 cm'1. These bands appear insensitive to the deuteriation of the 
pztr moiety, as seen in the spectrum of [Ru(biq)2(Hd4-pztr)]2+, and are 
therefore assigned as due to the biq ligands. These are the same bands are 
above, shifted due to an alignment error. This is confirmed by the band shapes 
and relative intensity of the spectra.
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Figure 5.23: Excited State Resonance Raman Spectra of [Ru(biq)2(Hpztr)]2+ in 
Acetonitrile with 355 nm Excitation.
Figure 5.24 shows the excited state resonance Raman spectra of the 
deuteomers of [Ru(phen)2(Hpztr)]2+ in MeOH with 355 nm excitation. 
Although the spectra are weak, a band is observable at 1436cm 1. This band 
shifts on deuteriation of the pztr ligand and is therefore assigned as excited 
state pyrazine, in agreement with previous results.19,30
1436 cm’1
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Figure 5.24: Excited State Resonance Raman Spectra of [Ru(phen)2(Hpztr)]+ in MeOH 
with 355 nm Excitation.
Figure 5.25 shows the excited state resonance Raman spectra of 
[Ru(dpp)2(Hpztr)]+ in methanol with 355 nm excitation. The spectra do not 
possess any bands which can be assigned to dpp’ or Hpztr*'. The spectra of
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the tris heretoleptic complex, [Ru(bpy)(dpp)(Hbpzt)]2+ (where bpzt is 3,5 - bis 
(pyrazin-2-yl) - 1,2,4 - triazole), were also obtained. These spectra are of 
better quality and have been used to approximate the location of the excited 
state electron in a complex containing both a dpp and pyrazine - triazole type 
ligand. The spectra at high and low irradiation energy are shown in Figure
5.26. In these spectra new bands at 1547 and 1496 cm"1 due to the Hbpzt*" 
can be seen as the irradiation energy is increased.30
FfemanSlift(cnT1)
Figure 5.25: E x c i t e d  S t a t e  R e s o n a n c e  R a m a n  S p e c t r a  o f  [R u (d p p ) 2( H p z t r ) ] + in  MeOH w i t h  
3 5 5  nm  E x c i t a t i o n .
Figure 5.26: E x c i t e d  S t a t e  R e s o n a n c e  R a m a n  S p e c t r a  o f  [R u ( b p y ) ( d p p ) ( H p z t r ) ] 2+w i t h  3 5 5  
nm  E x c i t a t i o n .
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5.3.5 Density Functional Theory.
The importance of computational methods has grown rapidly over the last 
decade. This has been primarily due to the increased affordability of high end 
computers and the advances in the theoretical background. In the present 
work the ground state structure of the complexes under investigation have 
been optimised using the B3LYP functional and LanL2DZ basis set. The 
complexes were investigated in both protonation states with the proton at the 
N4 position. The location of the proton is a matter of some debate. Previous 
studies have shown that the N1 position is slightly more acidic, however, in an 
effort to reduce the effect of steric hindrance, protonation at the N4 position 
has been chosen. After geometry optimisation with an ultrafine integration 
grid, the molecular orbitals were described in terms of contributions from  
various groups in the molecule: Ru -  the Ru atom; LL1 and LL2 the 
symmetrical diimine ligand (such as phenl, b iq l or dpp2 ); p z -  the pyrazine 
moiety; (H )tr-  the triazole ring. Tables of the molecular data obtained are 
given in Appendix C. The isosurfaces of the complexes are shown in Figure
5.27, Figure 5.29 and Figure 5.31. In  the frontier region, neighbouring orbitals 
are often closely spaced. In such cases, consideration of only the HOMO and 
LUMO may not yield a realistic description of the frontier orbitals. For this 
reason, partial density of states (PDOS) diagrams, which incorporate a degree 
of overlap between the curves convoluted from neighbouring energy levels, 
can give a more representative picture of the nature of the frontier orbitals. 
The PDOS diagrams obtained for the complexes are shown in Figure 5.28, 
Figure 5.30 and Figure 5.32
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Figure 5.27: Isosurfaces of HOMO-1, HOMO, LUMO and LUMO+1 for (left)
[Ru(biq)2(pztr)]+ and (right) [Ru(biq)2(Hpztr)]2+.
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Figure 5.28: PDOS Diagrams o f  (to p) [Ru(biq)2(p zt r )]+ and (bottom) [Ru(biq)2(Hp ztr )]2+.
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Figure 5.29: Iso s u r fa c e s  o f  H O M O - 1 , H O M O , L U M O  and L U M O + 1  fo r  (le f t )
[Ru(phen)2(p ztr)]+and (right) [Ru(phen)2(Hp zt r )]2+.
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eV
F ig u re  5.30: PDOS D iagrams of (to p) [Ru(phen)2(p zt r )]+ and (bottom) [Ru(phen)2(h pztr)]2+.
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Figure 5.31 : Is o s u r fa c e s  o f  H O M O - 1 , H O M O , L U M O  and L U M O + 1  for  (Le f t )
[Ru(d pp)2(p zt r )]+and (right) [Ru(dpp)2(Hp zt r )]2+.
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Figure 5.32: PDOS D iagrams o f  (to p) [Ru(d pp)2(p ztr )]+ and (bottom) [Ru(dpp)2(Hp zt r )]2+.
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Figure 5.27 shows the isosurfaces obtained for the frontier orbitals of 
[Ru(biq)2(pztr)]+ and [Ru(biq)2(Hpztr)]2+. In  both the deprotonated and 
protonated complexes, the HOMO and HOMO-1 are dominated by the Ru 
atom. In contrast the LUMO of the protonated complex appears to be based 
on the pztr ligand. Figure 5.28 shows the PDOS spectra of the biq containing 
complexes. Protonation of the triazole results in a shift to lower energy of the 
metal orbitals. As observed Figure 5.27, protonation also results in a significant 
increase in the contribution of the triazole containing ligand to the LUMO and 
LUMO+3 (Appendix C). The overlap of the frontier orbitals for 
[Ru(biq)2(pztr)]2+ would also suggest the possibility of dual emission as 
observed for the deprotonated phen complex and [Ru(bpy)2(thpztr)]+ (see 
Chapter 4). However, the experimental data presented in section 5.3.2 -  
Temperature Dependent Emission Spectroscopy -  shows only mono -  
exponential excited state decay.
Figure 5.29 shows the isosurfaces of [Ru(phen)2(pztr)]+ and 
[Ru(phen)2(Hpztr)]2+. For both the protonated and deprotonated complexes 
the HOMO and HOMO-1 electron density is based on the Ru metal centre. For 
the deprotonated complex the LUMO and the LUMO+1 are based on the phen 
ligands. On protonated the location of the LUMO is seen to switch to the 
pyrazine -  triazole ligand while the LUMO+1 remains on one of the phen 
ligands. Figure 5.30 gives the PDOS diagrams for the phen containing 
complexes. Again the ground state is Ru based in both protonation states. 
Protonation results in a reduction of the energy of the molecules, which is 
shifted by ~  3 eV. The energy of the phen ligands remain largely unchanged 
by protonated while the energy of the triazole containing ligand is reduced to 
an extent that it becomes the location of the LUMO.
The isosurfaces of [Ru(dpp)2(pztr)]+ and [Ru(dpp)2(Hpztr)]2+ are presented in 
Figure 5.31. These results appear quite similar to those obtained for phen. 
This is not unexpected due to the similarity of these two ligand structures. 
Again the HOMO'S are R u (II) based in both protonation states, while the LUMO
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are situated on the ligands. In the deprotonated complex the excited state is 
based solely on the dpp ligand, while for the protonated complex it is seen to 
switch to the pyrazine ligand. These results are in agreement which the 
switching of location of excited state energy previously observed for 
[Ru(bpy)2(pztr)]+ by Keyes et al.19 and in Chapter 4. However, at this point it 
is important to note that while the calculations preformed on the biq, phen 
and dpp containing complexes produce similar results, the experimental data 
shows clear differences in their excited state structure. This would, therefore, 
suggest that previously observed dual emission and bi -  exponential excited 
state decay cannot be described solely on the basis of energy differences in 
the ligands but may also have contributions from the extent of delocalisation in 
the excited state.
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The steady state electronic spectroscopy measurements of the complexes of 
interest are presented in Table 5.2. These results highlight the ability to control 
the properties of the complexes with judicious selection of ligand. The 
emission maxima of the deprotonated complexes are seen to be red -  shifted 
in comparison to corresponding homoleptic [Ru(LL)3]2+ complexes.7,13,31 This 
is due to the strong o -  donor ability of the triazole, which raises the energy of 
the metal orbital and reduces the 3MLCT gap. On protonation the emission 
energy is blue -  shifted. As protonation occurs on the triazole moiety, its donor 
ability is reduced and the metal orbitals are stabilised. A larger blue shift is 
observed for the phen and dpp containing complexes than for 
[Ru(biq)2(pztr)]+. This is due to the switching of the location of the excited 
state for the phen and dpp complexes on protonation( vide infra). This has 
been observed for the bipyridine containing complexes19 and is due to the 
reduced of electron density on the triazole. Once the triazole is protonated, the 
energy of the pyrazine moiety is reduced while the energy of the LL ligands 
remain largely unaffected. The switching of location of the excited state is 
dependent on the energy of the LL ligand. Protonation of [Ru(biq)2(pztr)]+ 
results in a large blue shift in the emission energy. The biquinoline ligand is a 
strong t t  -  acceptor and hence the emission energy of this complex is lower 
than that of the phen or dpp based ligands. Protonation again leads to a 
reduction in the energy of the pyrazine based excited state, however, the 
biquinoline based 3MLCT remains the lowest energy state.
Only a small difference is apparent in the oxidation energy of 
[Ru(phen)2(pztr)]+ and [Ru(dpp)2(pztr)]+. This is due to the similarity of the o
-  donor and t t  -  acceptor properties of the ligands. The oxidation energy of 
[Ru(biq)2(pztr)]+ is at higher energy. The reduced o -  donor of the biquinoline 
stabilises the metal centre and makes it more difficult to oxidise.
5 . 4  D i s c u s s i o n .
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The excited state of [Ru(phen)2(pztr)]+ is seen to deactivate quicker than 
[Ru(biq)2(pztr)]+ in agreement with the energy gap law.32 A reduction in the 
energy separation between the ground and the excited states reduces the rate 
of non -  radiative deactivation, leading to an increase in the excited state 
lifetime.
Temperature dependent spectroscopy has been used to further understand 
the emissive properties of the complexes. Previous studies19 of 
[Ru(bpy)2(pztr)]+ have shown that emission is observed from two excited 
states in the 140 -  200 K temperature range. The higher energy emission was 
seen to originate on the pyrazine triazole ligand, while the emission at lower 
energy is due to the excited state of the bipyridine ligand, as determined by 
resonance Raman spectroscopy. On protonation of [Ru(bpy)2(pztr)]+ the 
emission energy was seen to blue -  shift, however, only a single emissive 
excited state was then observed.
Figure 5.2 gives the temperature dependent emission spectra of 
[Ru(biq)2(pztr)]+ in ethanol: methanol (4:1) between 80 and 200K. The 
spectra on the right highlights the region between 140 and 200 K where dual 
emission was previously observed. As the temperature is increased the 
emission maximum is seen to red -  shift and decrease in intensity. The red -  
shift is due to the ability of the matrix to stabilise the excited state as it 
becomes more fluid at higher temperatures. The decrease in emission intensity 
is due to the increased rate of non -  radiative decay as the energy of emission 
is red shifted, in agreement with the Energy Gap Law23^ iride supra). For 
[Ru(biq)2(pztr)]+ only a single emission is observed. The energy of this 
emission suggests that it is due to the biquinoline moiety. Although there is 
some fluorescence apparent at ~ 600 nm this is not due to emission from the 
complex. It is seen to be dependent on the excitation wavelength and does 
not decrease with increasing temperature. It is, therefore, assigned as due to 
scattering. The emission maxima for this complex is red -  shifted compared to 
that observed for the bipyridine moiety of [Ru(bpy)2(pztr)]+. This is due to the
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strong tt -  acceptor properties of biquinoline. Therefore, there is a large 
energy difference between the lowest (biquinoline based) excited state and a 
second possible emissive state based on the pyrazine. The large energy 
difference between the two excited states leads to a strong driving force for 
the THEXI state to be formed solely on the biquinoline ligand.
The temperature dependent emission spectra of [Ru(biq)2(Hpztr)]2+ in the 
ethanol: methanol matrix between 80 and 180K are shown in Figure 5.3. Again 
these spectra show a red -  shift and decrease in intensity on increasing 
temperature. The emission maxima are slightly blue -  shifted compared to the 
deprotonated analogue due to the reduced a -  donor of the protonated 
triazole. For this complex, a single emission is observed at 750 nm 
representing an excited state based on a single ligand. The emission energy 
also suggests that this is due to the biquinoline moiety, as with the results 
above. There is also the presence of a fluorescent signal at ~ 625 nm. Again 
this is thought to be due to scattering, however, in this case photolability may 
also be a factor. A previous study33 on [Ru(biq)2(pztr)]+ has shown pH 
dependent photolability due to the 3MLCT -  3MC energy gap. The reduced eg 
(3MC) levels in the protonated complex results in photolability while the 
deprotonated complex was seen to be photostable over long periods. In an 
effort to reduce the effect of photochemistry, once protonated the complex 
was kept in the dark and the light source was switched off between 
measurements. At room temperature, the emission intensity / maximum was 
unchanged after measurement indicating that minimal photochemistry had 
occurred.
Figure 5.4 gives the temperature dependent emission spectra of 
[Ru(phen)2(pztr)]+ in ethanol:methanol between 80 and 200 K. Increasing 
temperature results in a red -  shift and a decrease in intensity, as with the 
other complexes. For this complex two emissions can be observed at 77K, one 
centred at 580 nm and the other at 630nm. The relative intensity of these 
emissions are seen to vary as the temperature is increased which indicates
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that the second emission is not due to a vibronic progression (iride infra). As 
the temperature is increased the emission of the low energy emission is seen 
to increase relative to that of the high energy emission. Figure 5.5 gives the 
normalised spectra of the complex between 130 and 160K. This highlights the 
change in intensity between the two emitting states as the temperature 
increases. Therefore there are two emitting species present in the complex 
[Ru(phen)2(pztr)]+ below 200 K. By comparison with the results obtained for 
[Ru(bpy)2(pztr)]+ the high energy emission can be assigned to the pyrazine 
moiety while that observed at the lower energy is due to the phenanthroline 
based 3MLCT excited state.19 These results indicate that dual emission based 
on two 3MLCT non -  equilibrated states may be present for complexes 
containing LL ligands other than bpy.
Figure 5.6 presents the temperature dependent emission spectra of 
[Ru(phen)2(Hpztr)]2+ in ethanol:methanol between 80 and 200K. As expected 
the emission maxima are blue -  shifted with respect to the deprotonated 
complexes, due to the reduced o -  donor ability of the triazole. A second 
band, at lower energy than the main peak, is observed in these spectra at low 
temperatures. However, as the temperature is increased the intensity of this 
band is seen to decrease, and by 180 K is no longer present. For the 
protonated phen complex it therefore appears that there is only a single 
emitting ligand accompanied by a vibronic progression. Once the triazole is 
protonated the energy of the pyrazine -  triazole ligand is strongly decreased 
due to a reduction in its electron density. This reduction in energy leads to a 
switching of excited state from the phen moiety to the pyrazine (vide infra). 
The increased energy gap between the pyrazine and the phen creates a strong 
driving force for the formation of the THEXI state on a single ligand. The 
protonation of the triazole also reduces the dipole moment of the complex in 
the excited state and therefore reduces this barrier to excited state 
interconversion( vide infra).
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The temperature dependent emission spectra of [Ru(dpp)2(pztr)]+ in ethanol: 
methanol (4:1) between 80 and 200K were also recorded. The spectra show a 
main emission band with a shoulder at lower energy. However, as the 
temperature is increased the intensity of the shoulder is seen to diminish and 
above 140K only a single emission is apparent. Therefore, the 
[Ru(dpp)2(pztr)]+ shows "normal" excited state behaviour in which emission 
occurs from the lowest THEXI state. This is an interesting result as Table 5.2 
shows that the dpp containing complex has similar photophysical properties to 
[Ru(phen)2(pztr)]+. The differences that appear in the temperature dependent 
behaviour between these two complexes can be put down to inner and outer 
sphere effects. Inner sphere effects relate to the change in nuclear distances 
of the bonds on which the excited state is formed. If the excited state is 
initially formed on the pyrazine moiety energy is required to switch the excited 
state to the symmetrical LL ligand. These effects are assumed to be a 
significant contribution to the energy barrier between equilibration of excited 
states in dual emissive complexes. However, previous studies on the excited 
state properties of [Ru(dpb)3]2+ (where dpb is 4,4'-diphenyl 2,2'-bipyridine) 
have shown that the phenyl rings are seen to move to form an elongated 
conjugated system. The phenyl ring moves from a 23° angle in the ground 
state to be in plane with the bipyridine moiety in the excited state.6 The large 
area of this ligand in the excited state causes the average change in nuclear 
distance to be reduced and, hence the extent of inner sphere effects to be 
decreased. This is represented in Figure 5.34 as the reduced displacement of 
the dpp based 3MLCT relative to that of the pyrazine. A second contributing 
factor are the outer sphere effects. Outer sphere effects relate to the change 
in dipole moment which occurs when the excited state switches between the 
two possible ligand sites. In the excited state solvent molecules reorganise so 
as to stabilise the excited state. In order for the excited state to switch from 
one ligand based excited state to another, energy is required to modify the 
solvent configuration. As the electron density on the dpp ligand is spread over 
a large area the resultant dipole change is not as great as for the phen ligand.
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Figure 5.8 gives the temperature dependent emission spectra of 
[Ru(dpp)2(Hpztr)]+ between 80 and 200K. As with the deprotonated complex 
only a single emissive state is observed at higher temperatures. Similarly to 
[Ru(phen)2(Hpztr)]+, protonation results in the reduction of the energy of the 
pyrazine based 3MLCT and the switching of the location of the excited state to 
this moiety (vide infra). However, it is also important to note the effects of 
protonation on the outer sphere / dipole effects. Figure 5.33 shows the dipole 
moments of [Ru(bpy)2(pztr)]+ and [Ru(bpy)2(Hpztr)]2+. Bpy has been used as 
the LL ligand to aid in the clarity of the diagram. The positive charge on the 
protonated triazole ligand reduces the dipole moment of the complex when the 
excited state is based on the pyrazine. This, in turn, reduces the barrier to 
interconversion between the excited states for the protonated complexes. 
Hence single emission is observed for all protonated pyrazine -  triazole 
containing complexes studied thus far. The effect of dipole formation on the 
excited state position has been highlighted previously34 for the mono and di- 
cationic complexes [Ru(bpy)2(CI\l)2]+ and [Ru(bpy)2(i-biq)]2+.
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F igure  5.33: E s t im a t e d  D ip o l e  M o m e n t s  o f  [R u ( b p y )2( p z t r ) ]+ a n d  [R u (b p y )2(H p z t r ) ]2+.
As for [Ru(phen)2(Hpztr)]+, the dpp containing complexes in both protonation 
states show a band at lower energy than the main emission. This band, 
however, is seen to gradually reduce as the temperature is increased and 
disappears at higher temperatures. Previous studies have observed emission of 
this type from complexes containing a bpy moiety.35 They were assigned as 
due to bpy framework vibrations and are emissions from = 0 —> vm = 1
where v'm is an excited state vibrational mode and vm is the ground state.
Temperature dependent excited state lifetime measurements have been used 
to calculate the activation energies and prefactors for the deactivation of the 
excited states formed. The results are presented in Table 5.6. From these the
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coupling and deactivation processes can be elucidated. In general the 
activated processes can be separated into two categories36
Category A: Small activation energies (<800 cm'1) and low prefactors (<109 s' 
')■
Category B: Large activation energies (>2000 cm'1) and large prefactors 
(>10n s'1).
Complexes with activation energies and prefactors in category A are indicative 
of deactivation via a state that is only weakly coupled to the 3MLCT manifold. 
This is similar to a state observed by Meyer and co-workers37 in photostable 
Ru(II) polypyridyl complexes. It is attributed to the so called "fourth" MLCT 
state of increased singlet character. The calculated activation energy is, 
therefore, the energy difference between the 3MLCT and the fourth MLCT. 
Complexes which fall into category B are deactivated via the 3MC. Deactivation 
from the 3MC may occur via activated and non -  activated decay. These 
processes are dealt with in Chapter 4. It can be seen from the results 
presented in Table 5.6 that the temperature dependent behaviour of all three 
complexes are seen to be that of category A. Therefore, all the complexes 
deactivate via the fourth MLCT state and do not populate the 3MC. These 
results are in agreement with the photostability observed for deprotonated 
triazole complexes.15,33 Figure 5.34 presents an overview of the 3MLCT energy 
levels of the complexes studied.
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3MLCT
3 MLCT
Ground State
F igure  5.34: S c h e m a t ic  R e p r e s e n t a t io n  o f  t h e  E n e r g y  L e v e l s  o f  t h e  C o m p l e x e s  
D is c u s s e d .
'M<
[R u(phen)2(pz tr)]+
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G round State
[Ru(dpp)2(Hpztr)]2+
3MLCT
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G round State
[Ru(biq)2(Hpztr)]2+
[Ru(dpp)2(pztr)]+
Transient absorption spectroscopy provides information on the excited state of 
a complex via the depletion of ground state absorption band. It also aids in the 
interpretation of excited state Raman spectra. In transient Raman 
measurements, the absence of significant absorption for the excited state at 
the probe wavelength will result in only ground state bands being observed.
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Figure 5.13 shows the transient absorption spectra of [Ru(biq)2(pztr)]+in 
acetone. The bleach of the ground state bands at 350 and 560 nm are due to 
the absence of the ^LCT transition in the excited state. This indicates that the 
Ru(II) centre is oxidised and is no longer present. The absorptions between 
400 - 500 nm are assigned as t t  -»■ tt*  transitions of the biquinoline ligand by 
comparison with previous results.27 This is shows that the excited electron 
localised on one of the biquinoline ligands and that the biquinoline is formally 
reduced. The LMCT bands observed at longer wavelengths are most likely due 
to transition from the ligands to the oxidised Ru(III) metal centre. It is 
important to note the baseline has not fully recovered after 380 ns. This is 
longer than the excited state lifetime presented in Table 5.2 (albeit in 
acetonitrile) and may indicate some photochemical activity in the complex 
during the experiment. No absorption is present at 355 nm. This is the probe 
wavelength used in the transient resonance Raman experiments and, 
therefore, indicates that the excited state bands of this complex will not 
undergo resonance enhancement at this energy.
Figure 5.14 gives the transient absorption spectra of [Ru(dpp)2(pztr)]+ in 
acetone. Ground state bleaching is observable between 400 -  500 nm due to 
loss of the 1MLCT absorption. This indicates the depletion of the Ru(II) centre. 
The excited state absorption for the dpp ligand is centred at 370 nm and is 
due to the t t  tt*  of the dpp ligand. At higher wavelengths transitions to the 
Ru(III) centre are also present. The spectra of [Ru(dpp)2(pztr)]+ appear blue - 
shifted in comparison to the biq analogue. This reflects the higher energy of 
the dpp ligand. It is also clear that there is a significant absorption at 355 nm 
for this complex, indicating that resonance enhancement of the excited state 
bands is possible. These results highlight the importance of excited state 
absorption spectra in the interpretation of excited state Raman measurements.
The resonance Raman spectra of the [Ru(dpp)2(pztr)]+ are presented in 
section 5.3.4.1 in both protonation states. These spectra are dominated by 
bands due to the dpp moiety at all wavelengths. These results are interesting
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as the transient resonance Raman appears to show a Hpztr based 3MLCT for 
the protonated complex(Mote infra). However, the scattering ability of the 
Hpztr ligand is known to be quite weak and the bands may not be observable 
in some of the lesser quality spectra.
The results obtained for [Ru(phen)2(pztr)]+ are somewhat different to those 
reported above. The deprotonated complex presents bands due to both the 
phen and pztr ligand upon excitation at 488 nm. As the excitation wavelength 
is red - shifted contributions from both ligands continue at 514 nm. The 
quality of the spectra of the protonated complexes are poor in comparison to 
the deprotonated complexes. The spectral quality may be a reflection of the 
poor scattering ability of phen ligands and shortened lifetimes of the 
protonated complexes. For the protonated complexes, bands due to the phen 
ligand are only observed at 488 nm, while both the pyrazine -  triazole and 
phen ligands contribute at 514 nm. This is due to the shift of the pztr ligand to 
lower energy on protonation and hence out of resonance with the 488 nm 
excitation.
Transient resonance Raman spectroscopy is used to investigate the location of 
the excited state in heteroleptic complexes. It is particularly useful when 
emission may occur from more than one location or the excited state location 
may change with experimental conditions, as is the case in the present study.
The transient resonance Raman spectra of [Ru(biq)2(pztr)]+ and
[Ru(biq)2(Hpztr)]2+ show that the excited of these complexes is dominated by 
the biq moiety. This is unsurprising due to the strong tt- acceptor nature of 
the biq ligand. The spectra of both [Ru(phen)2(Hpztr)]2+ and
[Ru(dpp)2(Hpztr)]2+ (in this case [Ru(bpy)(dpp)(Hbpzt)]2+) show bands which
can be tentatively assigned as due to Hpztr*'. Although spectra for the 
deprotonated complexes were not obtained comparisons with other studies 
and on the basis of the similarities between the bpy and phen / dpp ligands 
would suggest that the excited state for [Ru(phen)2(pztr)]+ and
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[Ru(dpp)2(pztr)]+ is based on the LL ligands. Protonation, therefore, leads to 
the switching of the location of the excited state as previously observed for 
pyrazine - triazole containing complexes.18,19 The switching of the location of 
the excited state may also be used to explain the reduced effect of protonation 
on the emission for both [Ru(phen)2(pztr)]+ and [Ru(dpp)2(pztr)]+ in 
comparison to [Ru(biq)2(pztr)]+ (see Table 5.2).
DFT calculations have been employed to aid in the interpretation of the 
experimental results. The energy and location of the HOMO frontier orbitals 
can be related to the electrochemical results and the source of an electron in 
the excited state. The calculated isosurfaces for the LUMO and LUMO+1 have 
been used to approximate the location of the 3MLCT excited state. There are a 
number of assumptions which must be borne in mind, namely: that the virtual 
Kohn-Sham orbitals from the DFT calculations are equivalent to unoccupied 
orbitals; that the lowest energy transition is to the lowest unoccupied orbitals; 
and that the ^LCT is located on the same ligands as the 3MLCT state. The 
validity of these assumption for the complexes studied will also be discussed. 
Data for the first 20 HOMO and LUMO frontier orbitals is presented Appendix
The electrochemical properties of the complexes are well predicted at the 
present level of theory. For all complexes the HOMO frontier orbitals are 
dominated by metal centre. This is in agreement with reversibility of the 
electrochemical processes and previous studies on Ru(II) complexes 
containing a triazole moiety.39 Koopman's theorem predicts that the electron 
which is most easily oxidation will be promoted on the formation of the excited 
state. Therefore, the DFT calculations also predict that the metal is also the 
source of the electron for photoexcitation. Again these results agree well with 
the transient absorption measurements which show the depletion of the Ru(II) 
bands on excitation. Protonation of the triazole ligand results in a decrease in 
its a -  donor properties and in turn in the electron density on the metal
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centre. This is reflected in the reduced energy of the metal ligands in all the 
protonated complexes.
In the present study an attempt is made to predict the location of the 3MLCT 
based on the LUMO frontier orbitals. It should be noted that the excited state 
energies of pyrazine -  triazole containing complexes are non - facile as 
highlighted by the dual emissive, bi - exponential excited state decay observed 
at low temperatures. For the phen and dpp containing complexes, the 
switching of location of the excited state from the LL ligand in the 
deprotonated complex to the pyrazine moiety in the protonated complex is 
well predicted (Figure 5.29 and Figure 5.31). The isosurfaces and PDOS 
diagrams for these complexes are quite similar, as is predicted by steady state 
spectroscopy (Table 5.2), and as would be expected on the basis of their 
structure. This is interesting considering that these complexes show differing 
low temperature photophysics. Therefore, the contribution of other factors, 
rather than simply the energy gap between pyrazine and LL ligands, must be 
considered when attempting to rationalise their low temperature emissive 
behaviour. At this point, it is appropriate to note that the calculations have 
been preformed without the inclusion of a solvent shell. This was done due to 
the extra time required to include solvent effect and due to the number of 
complexes in the present study. Considering that MLCT states are known to be 
solvent sensitive and the presence of free nitrogens on both the triazole and 
pyrazine moiety these effects may be substantial.38 Previous work in our group 
compared the calculated Raman spectra of [Ru(bpy)3]2+ with and without 
solvents effects.39 Calculations using the Onsager model revealed little change 
in frequencies, although the intensity showed some differences. Future work 
may, therefore, concentrate on the effect of solvent on the HOMO and LUMO 
orbitals for a selection of complexes.
The HOMO and LUMO orbitals of [Ru(biq)2(pztr)]+ and [Ru(biq)2(Hpztr)]2+ are 
also similar to those of the other two complexes. This result is surprising 
considering the lower o -  donor and tt -  acceptor properties of the biquinoline
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ligands result in a reduction in the energy of the absorption and emission 
bands of these complexes (Table 5.2). The metal based HOMO frontier orbitals 
for the biq containing complexes are in agreement with previous experimental 
results. However, the switching of the excited state from the biq to the 
pyrazine moiety on protonated does not agree with experimental results. This 
again highlights the caution which must be used when using the LÜMO orbitals 
to model the 3MLCT. This also highlights the need to include solvent effects for 
accurate calculation of the electronic properties of charged complexes.
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The present work further investigates the phenomenon of dual emission at low 
temperatures as observed for Ru(II) complexes with a pyrazinyl triazole 
ligands. The results show that the presence of a deprotonated a pyrazine - 
triazole does not ensure that the complex will be dual emissive. The lack of 
dual emission from the complex [Ru(dpp)2(pztr)]+ also serves to highlight the 
importance of other factors, such as the extent of delocalisation, which may 
affect the emission behaviour to the same magnitude as the energy levels of 
the ligands. This work also uses a variety of techniques and shows the ability 
to obtain a more complete picture of inorganic photophysics through a 
multifaceted approach.
One technique which is gaining increasing importance in our own work, and 
throughout the area of inorganic chemistry, is that of computational studies. 
The results presented here again show the value of the ability to visualise the 
location of the ground and excited states, and the overlap between orbitals. 
The agreement of the calculated results with the steady state spectroscopy 
increases the confidence in the interpretation of these results although other 
studies (such as the temperature dependent emission spectra) show the 
picture to be non -  facile. However, the results obtained for [Ru(biq)2(Hpztr)]+ 
also emphasise that assumptions about the Kohn -  Sham virtual orbitals and 
the correlation between the ^LCT and 3MLCT may not be appropriate in all 
cases. Further study is required, particularly for complexes containing a 
negative ligand, to increase knowledge on the level of calculation needed to 
obtain consistently accurate results.
5 . 5  C o n c l u s i o n .
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C h a p t e r  6
F u t u r e  W o r k  a n d  C o n c l u s i o n s .
The final chapter provides an overview o f the results from the previous chapters and 
the conclusions drawn. Suggestions are provided for further studies to build on the 
results already obtained.
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This work looks at the photophysical properties of Ru(II) complexes over the 
pico-, nano- and micro -  second timescales. A wide range of techniques have 
been used to obtain a more complete view of the properties, and the factors 
affecting these properties, of the complexes studied. The experimental 
techniques range from the standard; steady state fluorescence; to the highly 
advanced spectroscopic method of picosecond time resolved resonance 
Raman. Computational studies have also been employed in an attempt to 
rationalise the observed behaviour and to assess the accuracy of DFT methods 
for Ru(II) complexes.
Chapter 3 uses picosecond resonance Raman spectroscopy to investigate the 
grow -  in of the steady state spectra of [Ru(bpy)3]2+ (where bpy is 2,2! -  
bipyridine) . The steady spectra are thought to represent the formation of the 
thermally equilibrated excited (THEXI) state of the 3MLCT. These results show 
that the excited state resonance Raman spectrum is still evolving on the 
picosecond timescale. It  is important to remember that Raman spectroscopy is 
a vibrational technique and, as such, is best placed to provide information on 
the vibrational state of the complex. Although these results are somewhat in 
contradiction with other studies they provide the most direct probe of the 
vibrational nature of the THEXI state. The results obtained are extended to the 
heteroleptic complexes [Ru(bpy)2(phpytr)]+ and [Ru(bpy)2(Hdcb)]+ (where 
phpytr is 2,-(5'-phenyl-4' [l,2,4]triazole-3'-yl)pyridine and deb is 4,4'-dicarboxy 
2,2'-bipyridine). These studies show that the time taken for formation of the 
THEXI state is not dependent on the symmetry, charge or the 3MLCT -  3MC 
energy gap of the molecule. The results for [Ru(bpy)2(Hdcb)]+ are particularly 
relevant for the development of dye -  sensitised solar cells, for which charge 
injection was proposed to occur from a non -  equilibrated state. No changes 
were observed in the rate of THEXI formation due to ligand deuteriation or 
solvent.
6 .1  C o n c l u s i o n s .
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Chapter 4 further studies the phenomenon of low temperature dual emission, 
first observed for [Ru(bpy)2(pztr)]2+ (where pztr is 2-(l,2,4-triazol-3-yl)- 
pyrazine), and in particular the effect of a substituent at the C-5 position. Dual 
emission, in this case, may be described as the simultaneous emission from 
two non -  thermally equilibrated excited states at low temperature. The results 
show that emission is observed for both the pyrazine and bpy based 3MLCT's 
for the deprotonated complex, [Ru(bpy)2(thpztr)]+ (where thpztr is 2-(5- 
pyrazin-2'-yl)-l,2,4-triaz-3-yl)-thiophene). By comparison, the protonated 
complex, [Ru(bpy)2(Hthpztr)]2+, and the pyridine analogue are shown to have 
singly emissive, mono -  exponential excited state decays. Temperature 
dependent excited state lifetime studies are employed to investigate the route 
of excited state deactivation for the complexes. These measurements show 
that the pyrazine based 3MLCT deactivates via high frequency vibrations which 
lead to the 3MLCT -  3MC crossing region, while the bpy based states 
deactivate via the 4th MLCT. Resonance Raman studies are used to 
characterise the ground state absorption, while transient Raman studies show 
the switching of the location of the excited state for [Ru(bpy)2(thpztr)]+ upon 
protonation. The complexes have also been investigated as a model of a 
simple dyads using Density Functional Theory (DFT) methods, where the metal 
centre and the thiophene are the sub units. Interaction is observed between 
the units in the ground but not the excited state. This highlights the care 
which must be used when extrapolating ground state properties to the excited 
state and visa versa.
Chapter 5 also deals with temperature dependent dual emission. The 
complexes [Ru(LL)2(pztr)]+ (where LL is 1,10-phenanthroline (phen), 2,2' -  
biquinoline (biq) or 4,7 -  diphenyl -  1,10-phenanthroline (dpp)) have been 
studied. Dual emission is observed for the deprotonated phen containing 
complex, [Ru(phen)2(pztr)]+, while a single emission is observed for all other 
complexes, irrespective of protonation state. The differences in the low 
temperature emissive properties are attributed to the a  -  donor /  tt — acceptor
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properties biq ligand and the increased excited state delocalisation for dpp. 
Excited state lifetime studies of the deprotonated complexes have shown that 
the non -  radiative decay processes of the LL based states are via the 4th 
MLCT. Raman studies have been employed to characterise the ground state 
absorption, while transient studies have tentatively shown pH dependent 
excited state location for both phen and dpp complexes. DFT studies have 
been used to further investigate dual emissive behaviour and while satisfactory 
agreement between experimental and calculated results is obtained, the 
importance of solvent effects is noted.
6 . 2  F u t u r e  W o r k .
During the course of this work a number of potential areas for further study 
have become apparent. The suggestions for this future work are outlined 
below.
6.2.1 Chapter 3.
In order to further understand the ultrafast processes occurring for 
[Ru(bpy)3]2+ studies of a variety of other complexes would be beneficial. One 
such complex would be [Ru(phen)3]2+, which would help to establish if the 
behaviour was isolated to bpy based excited states. In the present work, 
attempts have been made to obtain anti -  Stokes measurements. These bands 
are due to vibrationally hot molecules and should, therefore, decrease as the 
THEXI state is formed. It  may be possible to obtain these signals by using a 
combination of pump and probe wavelengths where the overlap with Stokes 
bands is negligible. Another interesting area of investigation would be that of 
tetracyano complexes. The nanosecond excited state behaviour of complexes 
of the type [Ru(LL)(CN)4]2' (where LL is selectively deuteriated 4,4'-diphenyl- 
2,2-bipyridine, 4,7-diphenyl-l,10-phenanthroline and 4,7-dimethyl-l,10- 
phenanthroline, amongst others) have been thoroughly investigated via 
Raman (in the Queen's University of Belfast) and time resolved electronic
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spectroscopy (in Dublin City University), with a manuscript now in preparation. 
Measurement of these complexes containing only a single chromophore would 
allow studies to deal with the issues of electron localisation and inter-ligand 
hopping.
6.2.2 Chapter 4.
A significant amount of work has been done to characterise the ground and 
excited state properties of complexes substituted with a thienyl moiety. 
Although computational studies have been extensively employed, the amount 
of calculated data on triazole containing complexes remains relatively small. 
There are a number of areas where this may be improved; specifically using 
time dependent DFT (TD-DFT) and frequency calculations. TD -  DFT 
calculations are used to investigate excited state properties. The agreement of 
the present results with those obtained by TD-DFT would allow further light to 
be shed on one of the initial assumptions made, namely that the virtual Kohn- 
Sham orbitals from the DFT calculations are equivalent to unoccupied orbitals. 
Frequency calculations have been carried out on the thienyl substituted 
complexes. Although they initially show good agreement the ability to 
accurately calculated the vibrational frequencies for the negative triazole 
ligand is an area which required further study. The presence of the thienyl 
moiety also allows the potential for bonding with a gold surface. Although the 
present geometry would be sterically hindered, complexes bound to the 
thiophene at a different positions may be able to interact successfully with 
gold surfaces. This chapter highlights the potential for the thienyl substituted 
complexes to model simple molecule dyads. The temperature dependent 
behaviour of the dinuclear complexes based on a thiophene bridging may also 
be an area for alternative studies. The effect of the second metal centre on 
the dual emissive behaviour may provide valuable information on the nature of 
the deactivation processes and also on the role which the bridge plays in 
mediating interaction between the metal centres. Low temperature excited 
state resonance Raman studies may also be used to further investigate dual
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emission. In the 140 -  170 K temperature region it may be possible to observe 
excited state bands due to both the pyrazine -  triazole and bpy ligands and 
hence provide further proof of two non -  thermally equilibrated excited states.
6.2.3 Chapter 5.
The dual emission process which has been observed for [Ru(phen)2(pztr)]+ 
requires further study. As mentioned above low temperature transient 
resonance Raman studies could be used to investigate the excited states 
present between 140 and 170K. Further effort is required to study the excited 
state decay of the protonated complexes. Studies in buytronitrile solutions may 
be of use due to the increased luminescent intensity observed for non H -  
bonding solvents. The quantum yield measurements for the complexes studied 
would provide information on the relative rates of radiative and non -  radiative 
deactivation. This would be particularly interesting for the phen and dpp 
containing complexes as the excited state structure is expected to be quite 
similar and, hence, would provide information about the extent of excited state 
displacement. Further computational studies would also be advantageous. The 
inclusion of solvent effects may help to further understand the causes of dual 
emission and the interaction of pyrazine triazole ligands with dipoles. Again TD
-  DFT may be applied to investigate the excited state properties of the 
complexes.
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Appendix A-3: S p ec tra  an d  k inetics of [Ru(bpy)3]2+ in 1-hexanol w ith  pump a t  400 nm an d
probe at 350 n m .
1 2 0 0  1 4 - 0 0  1 6 0 0
R am an  S h ift / cm -1
Appendix A-4:[Ru(bpy)3]2+ in H20  with 400 nm pump a n d 530 n m  probe.
2ps
1 Ops 
20ps 
5 Ops
5QOps
1 8 0 0
A2
Appendix A -  [Ru(bpy)3]2+
1000 1100 1200 1300 1400 1500
Raman Shift (cm-1)
Appe n d ix  A-5: [Ru(bpy)3]2+ in  H20 Pump 265n m  a n d  p r o b e  400n m .
Appendix  A-6: [Ru(d8-bpy)3]CL2 in D20  with pump at 410 nm  and probe at 470 nm .
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Appen d ix  A-7: K inetics of [Ru(d*-bpy)2(phpytr)] ' in CD3CN with pump at 400 nm  and probe at 
350 NM.
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Appen d ix  A-8: S p e c t r a  o f  [R u (b p y )2(H d cb )} + in  D20  w ith  pum p 410 n m  a n d  p r o b e  470n m .
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Appen d ix  A-9: [F e (b p y )3]2+ in  H 20  P um p  400 n m  /  P r o b e  350 nm .
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A p p e n d ix  A-10: K in e t i c s  o f  b a n d  a t  1481cm ' 1 f o r  [O s(b p y )3]2+ in d3-Acn w i th  P um p  a t  410 n m  a n d
P r o b e  a t  470 nm .
-[Ru(bpy)2(bpt)]+ -------  -[Ru(bpy)3]2+
Appen d ix  A - l l :  c o m p a r i s o n  o f  [R u (b p y )3]2+ in  H20  w i t h  pum p a t  400 n m  a n d  p r o b e  a t  350 n m  a n d  
[R u (b p y )2(b p t) ]+ w i t h  pum p a n d  p r o b e  a t  355 n m . S p e c t r u m  o f  [R u (b p y )2(b p t) ]+ o b t a i n e d  f r o m  
R o y n a n e ,  K .L ., P h .D . t h e s i s ,  Q u e e n s  U n i v e r s i t y  o f  B e l f a s t ,  2005.
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Raman Shifl
| Ru(bpy)2(bpl)l ' 1557 1509 1431 1293 1221
[Ru(bpy)3r 1475 1432 1355 1215 1147
Error 82 77 76 78 74
A p p e n d ix  A-12: C om parison  o f  b a n d s  f o r  [RiXbpyX,!2' in  H20  w ith  pump a t  400 nm  a n d  p ro b e  
a t  350 nm  a n d  [Ru(bpy)2(bpt)J+ W ith pump a n d  p ro b e  a t  355 nm. N o te  t h e  b a n d s  o b se rv e d  f o r  
[R u (b p y )2(b p t)J  a r e  in  a g re e m e n t w ith  th o s e  ( » s e r v e d  b y  D a l l in g e r ,  R.F., W o o d ru ff , W.H., 
J. Am. C h e m . Soc., 1979,101,4391-4393 FO rBpy" .
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NMR Spectra, Photophysical and Computational Data in
Support of Chapter 4.
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1/Temperature (IC1)
Fig u r e  B -5 :G raph of 1/T emperature vs Rate for H1p .
Temperature Lifetime (ns)
140 1980
145 1851
150 1784
155 1737
160 1659
165 1585
170 1525
175 1439
180 1388
185 1287
190 1203
195 1130
200 1027
205 927
210 819
215 702
220 594
225 494
230 411
235 334
240 280
245 237
250 204
T s r i  F B-1:TFM PFRATURF DFPFNDFNT I TFFTTMFÇ OF HIO.
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Fig u r e  B -6 : Graph of 1 /T emperature vs Rate for 2p : (Top)Low  energy emission and (Bottom)
HIGH ENERGY EMISSION.
Temperature (K) Lifetime (ns) Lifetime (ns)
140 127 438
143 118 363
146 133 356
149 134 437
152 117 588
155 97 626
158 40 132
161 39 128
164 38 152
167 37 312
170 31 437
Table  B-2: Excited State  L ifetime Data  for H2p .
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MO eV Symmetry Ru bpyl bpy2 py tr th
164 L+20 -0.31 A 103 0 0 -6 -2 7
163 L+19 -0.36 A 0 1 12 14 22 50
162 L+18 -0.38 A 8 0 1 0 1 90
161 L+17 -0.43 A 1 4 80 2 4 9
160 L+16 -0.91 A 2 0 1 34 46 17
159 L+15 -1.47 A 109 0 -3 -3 -1 0
158 L+14 -1.53 A 111 -3 -4 0 0 0
157 L+13 -1.7 A 107 -4 -2 0 0 1
156 L+12 -2.03 A 69 5 14 1 11 0
155 L+11 -2.23 A 67 17 6 9 1 0
154 L+10 -2.61 A 0 92 7 1 0 0
153 L+9 -2.63 A 1 0 2 1 32 64
152 L+8 -2.85 A 1 7 91 0 1 1
151 L+7 -3.51 A 1 3 1 87 7 1
150 L+6 -3.92 A 2 92 4 1 0 0
149 L+5 -4.06 A 4 56 17 18 4 0
148 L+4 -4.09 A 3 24 12 51 10 0
147 L+3 -4.11 A 1 5 83 9 1 0
146 L+2 -4.39 A 1 17 78 3 0 0
145 L+1 -4.96 A 5 91 3 0 0 0
144 LUMO -5.18 A 5 4 91 1 0 0
143 HOMO -7.28 A 8 1 0 5 30 55
142 H-1 -8.24 A 72 6 5 1 5 11
141 H-2 -8.28 A 11 1 1 1 3 83
140 H-3 -8.34 A 61 9 4 2 6 18
139 H-4 -8.42 A 72 5 12 5 2 3
138 H-5 -8.96 A 3 0 1 28 51 17
137 H-6 -9.04 A 1 1 0 0 97 1
136 H-7 -9.84 A 0 91 1 0 6 1
135 H-8 -9.93 A 4 5 4 2 82 4
134 H-9 -10.04 A 5 4 47 1 34 9
133 H-10 -10.06 A 5 7 52 0 29 7
132 H-11 -10.64 A 0 1 1 67 23 7
131 H-12 -10.65 A 0 0 0 2 4 94
130 H-13 -10.88 A 1 2 13 80 2 1
129 H-14 -11.16 A 1 71 21 5 2 0
128 H-15 -11.28 A 2 76 9 12 1 1
127 H-16 -11.34 A 1 49 6 37 3 3
126 H-17 -11.43 A 2 57 32 4 2 3
125 H-18 -11.51 A 2 12 76 6 0 3
124 H-19 -11.57 A 3 33 58 3 1 1
123 H-20 -11.61 A -1 45 40 9 3 4
Figure  B -7 : Molecular Orbital Data tor 1.
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MO eV Symmetry Ru bpyl bpy2 py_______ Htr_______ th
164 L+20 -2.85 A 88 -6 0 0 2 18
163 L+19 -3.36 A 46 -3 -2 7 31 23
162 L+18 -3.87 A 106 0 -3 -2 1 1
161 L+17 -3.99 A 67 -3 -1 0 13 27
160 L+16 -4.03 A 63 -1 0 0 5 37
159 L+15 -4.05 A 47 -1 -2 3 15 40
158 L+14 -4.39 A 28 0 0 2 22 49
157 L+13 -4.52 A 5 0 1 43 49 2
156 L+12 -4.84 A 63 8 16 1 10 1
155 L+11 -4.94 A 66 17 7 9 1 0
154 L+10 -4.94 A 1 86 12 0 0 0
153 L+9 -5.12 A 2 12 86 1 0 0
152 L+8 -6.23 A 2 88 6 1 1 1
151 L+7 -6.35 A 1 11 22 9 25 32
150 L+6 -6.39 A 1 28 39 10 10 11
149 L+5 -6.46 A 2 44 54 0 0 0
148 L+4 -6.55 A 2 13 49 29 4 4
147 L+3 -6.79 A 1 13 26 50 5 5
146 L+2 -7.32 A 5 88 2 3 2 0
145 L+1 -7.44 A 6 0 63 18 10 2
144 LUMO -7.55 A 1 8 31 37 19 3
143 HOMO -10.79 A 51 4 2 5 15 23
142 H-1 -11 A 70 9 7 4 4 7
141 H-2 -11.09 A 77 4 12 6 1 0
140 H-3 -11.25 A 38 6 1 1 11 43
139 H-4 -11.74 A 0 0 0 0 1 99
138 H-5 -12.19 A 1 96 2 0 0 0
137 H-6 -12.33 A 1 2 97 0 0 0
136 H-7 -12.8 A 1 1 0 52 28 17
135 H-8 -13.33 A 2 2 4 2 89 1
134 H-9 -13.44 A 1 68 30 1 0 0
133 H-10 -13.62 A 1 10 60 28 1 0
132 H-11 -13.64 A 1 82 7 5 5 0
131 H-12 -13.72 A 1 70 25 1 3 0
130 H-13 -13.84 A 0 19 75 2 2 1
129 H-14 -13.92 A 7 33 41 15 2 1
128 H-15 -13.98 A 0 48 36 14 3 1
127 H-16 -14.06 A 7 5 44 37 5 4
126 H-17 -14.13 A 1 3 4 45 30 18
125 H-18 -14.18 A -1 57 17 26 1 0
124 H-19 -14.22 A 0 0 0 0 1 98
123 H-20 -14.48 A 0 5 77 1 15 1
F ig u r e  B-8: Molecular Orbital Data for HI.
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MO eV Symmetry Ru bpyl bpy2 pz tr th
164 L+20 -0.47 A 63 1 0 -3 0 41
163 L+19 -0.51 A 47 0 0 -2 0 57
162 L+18 -0.54 A 2 2 28 8 16 44
161 L+17 -0.59 A 1 3 65 4 8 20
160 L+16 -1.25 A 2 0 1 41 46 10
159 L+15 -1.62 A 109 0 -3 -3 0 0
158 L+14 -1.67 A 111 -3 -4 0 0 0
157 L+13 -1.84 A 108 -4 -2 0 0 1
156 L+12 -2.24 A 67 6 14 1 12 1
155 L+11 -2.45 A 67 17 7 9 0 0
154 L+10 -2.77 A 0 92 7 0 0 0
153 L+9 -2.78 A 1 1 1 0 33 63
152 L+8 -3.01 A 1 7 91 0 1 1
151 L+7 -3.86 A 1 5 2 80 11 1
150 L+6 -4.08 A 2 90 4 3 0 0
149 L+5 -4.23 A 3 75 21 1 0 0
148 L+4 -4.27 A 2 9 89 0 0 0
147 L+3 -4.53 A 3 14 70 11 3 0
146 L+2 -4.68 A 3 4 11 72 9 0
145 L+1 -5.13 A 5 91 3 1 0 0
144 LUMO -5.35 A 4 4 91 1 0 0
143 HOMO -7.45 A 7 1 0 5 29 58
142 H-1 -8.41 A 2 0 0 0 1 96
141 H-2 -8.46 A 72 6 5 1 5 11
140 H-3 -8.56 A 70 11 4 2 7 6
139 H-4 -8.66 A 73 4 12 6 4 2
138 H-5 -9.21 A 5 0 1 26 52 16
137 H-6 -9.24 A 1 1 0 0 97 2
136 H-7 -9.58 A 2 1 1 89 8 0
135 H-8 -10 A 0 94 1 0 4 1
134 H-9 -10.18 A 4 5 4 7 74 6
133 H-10 -10.21 A 1 1 95 1 2 0
132 H-11 -10.27 A 9 7 3 2 65 14
131 H-12 -10.77 A 0 0 0 0 3 96
130 H-13 -10.96 A 0 1 1 69 23 6
129 H-14 -11.32 A 1 74 23 1 1 0
128 H-15 -11.46 A 2 89 5 0 1 3
127 H-16 -11.51 A 1 8 74 16 1 0
126 H-17 -11.58 A 2 61 26 2 4 5
125 H-18 -11.71 A 0 26 69 2 2 2
124 H-19 -11.74 A 2 53 40 2 1 2
123 H-20 -11.85 A 3 19 48 8 3 20
Figure B-9: Molecular Orbital Data for 2.
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MO eV Symmetry Ru bpyl bpy2 PZ Htr th
164 L+20 -3.03 A 88 -6 0 1 3 16
163 L+19 -3.49 A 46 -3 -2 7 32 23
162 L+18 -4.04 A 104 0 -4 -2 2 2
161 L+17 -4.14 A 65 -2 -1 0 13 28
160 L+16 -4.17 A 65 -1 0 -1 4 36
159 L+15 -4.2 A 50 -2 -1 1 14 40
158 L+14 -4.52 A 32 0 0 1 21 48
157 L+13 -4.87 A 5 1 2 43 49 1
156 L+12 -5.1 A 24 55 13 2 5 0
155 L+11 -5.12 A 39 38 13 2 7 1
154 L+10 -5.19 A 63 17 12 8 0 0
153 L+9 -5.29 A 4 12 82 1 1 0
152 L+8 -6.4 A 2 91 6 0 1 1
151 L+7 -6.52 A 2 18 33 3 20 25
150 L+6 -6.57 A 1 19 31 6 20 23
149 L+5 -6.63 A 2 42 56 0 0 0
148 L+4 -6.78 A 1 24 66 7 1 0
147 L+3 -7.19 A 1 3 6 75 11 5
146 L+2 -7.51 A 4 92 2 1 0 0
145 L+1 -7.65 A 5 2 90 2 1 0
144 LUMO -7.97 A 5 2 4 64 22 3
143 HOMO -11.01 A 39 3 2 5 17 34
142 H-1 -11.27 A 70 9 8 3 3 7
141 H-2 -11.4 A 75 4 11 7 1 1
140 H-3 -11.45 A 50 7 2 0 9 31
139 H-4 -11.87 A 0 0 0 0 1 99
138 H-5 -12.36 A 1 96 2 0 0 0
137 H-6 -12.5 A 1 2 92 5 0 0
136 H-7 -12.56 A 1 1 5 91 2 0
135 H-8 -13.07 A 1 2 0 46 33 18
134 H-9 -13.55 A 2 2 4 2 88 2
133 H-10 -13.61 A 1 68 31 0 1 0
132 H-11 -13.82 A 1 84 7 2 5 0
131 H-12 -13.89 A 2 62 33 1 2 0
130 H-13 -13.9 A 3 21 71 4 2 0
129 H-14 -14.02 A 1 20 77 1 2 0
128 H-15 -14.13 A 8 31 56 3 1 1
127 H-16 -14.21 A 0 47 50 1 1 0
126 H-17 -14.34 A 0 0 1 9 7 82
125 H-18 -14.35 A 1 2 4 33 20 40
124 H-19 -14.52 A 1 77 7 15 1 0
123 H-20 -14.67 A 1 5 78 0 15 1
Figure B - 10 : Molecular Orbital Data for H2.
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A p p e n d i x  C
Photophysical and Computational Data in Support of Chapter
5.
-HD -HD HD 1300 1200 HOD
F&rni9ift(an1)
F ig u r e  C - l : R e s o n a n c e  R a m a n  Sp e c t r a  o f  [R u ( p h e n )2(H p z t r )]2+ in  MeOH w it h  4 8 8  n m
e x c it a t io n .
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F i g u r e  C-2: R e s o n a n c e  R a m a n  S p e c t r a  o f  [R u (d p p )2( p z t r ) ] + in  M e O H  w i th  514 n m  e x c i t a t i o n .
Appendix C -  [Ru(LL)2(pztr)]+
MO eV Symmetry Ru biql biq2 PZ tr
200 L+20 -1.11 A 12 84 1 1 1
199 L+19 -1.14 A 93 1 6 0 0
198 L+18 -1.24 A 25 0 76 0 0
197 L+17 -1.41 A 18 1 1 12 68
196 L+16 -1.49 A 95 0 -1 1 8
195 L+15 -2.11 A 43 7 41 0 8
194 L+14 -2.19 A 15 76 7 2 0
193 L+13 -2.45 A 32 10 49 4 5
192 L+12 -2.62 A 11 84 3 2 0
191 L+11 -2.69 A 12 13 74 1 0
190 L+10 -2.75 A 16 39 44 1 0
189 L+9 -2.91 A 10 86 4 1 0
188 L+8 -2.99 A 1 4 95 0 0
187 L+7 -3.72 A 0 16 3 71 10
186 L+6 -3.84 A 1 82 4 11 2
185 L+5 -4 A 0 2 94 3 0
184 L+4 -4.17 A 2 96 2 0 0
183 L+3 -4.31 A 1 2 96 0 0
182 L+2 -4.55 A 5 2 1 82 10
181 L+1 -5.2 A 6 79 12 2 1
180 LUMO -5.41 A 6 13 79 1 1
179 HOMO -8.06 A 63 8 10 3 16
178 H-1 -8.24 A 62 18 9 3 8
177 H-2 -8.46 A 65 4 18 5 8
176 H-3 -8.86 A 12 15 8 18 47
175 H-4 -9.11 A 2 50 9 1 39
174 H-5 -9.19 A 3 18 28 1 50
173 H-6 -9.2 A 6 27 38 4 24
172 H-7 -9.37 A 6 69 10 9 5
171 H-8 -9.43 A 2 85 2 4 7
170 H-9 -9.46 A 3 2 76 16 3
169 H-10 -9.55 A 2 8 37 51 3
168 H-11 -9.57 A 8 5 74 12 1
167 H-12 -9.98 A 14 15 8 0 63
166 H-13 -10.11 A 2 31 5 6 56
165 H-14 -10.3 A 1 60 16 4 19
164 H-15 -10.37 A 1 10 78 2 9
163 H-16 -10.83 A 0 5 5 69 20
162 H-17 -11.06 A 0 58 36 4 2
161 H-18 -11.28 A 2 38 49 11 1
160 H-19 -11.3 A 0 60 31 3 5
159 H-20 -11.36 A 2 
F ig u r e  e - s i  Molecular Data for [Ru(biq)2(pztr)]+.
69 15 7 8
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MO___ eV Symmetry Ru b*q1 biq2 pz _tr
200 L+20 -3.54 A 96 -7 11 1 0
199 L+19 -3.87 A 110 -3 -4 -2 2
198 L+18 -4.17 A 70 0 -1 1 32
197 L+17 -4.51 A 4 82 13 0 1
196 L+16 -4.64 A 10 12 74 1 2
195 L+15 -4.88 A 9 77 12 0 2
194 L+14 -4.93 A 3 5 4 43 45
193 L+13 -4.95 A 3 16 80 1 0
192 L+12 -5.13 A 5 80 11 3 2
191 L+11 -5.23 A 32 10 48 2 7
190 L+10 -5.26 A 27 8 58 3 5
189 L+9 -5.41 A 49 30 16 4 0
188 L+8 -5.71 A 1 1 1 1 95
187 L+7 -6.11 A 1 97 1 1 1
186 L+6 -6.26 A 0 2 97 0 0
185 L+5 -6.5 A 2 96 1 0 0
184 L+4 -6.61 A 2 1 97 0 0
183 L+3 -7.13 A 1 1 5 81 12
182 L+2 -7.53 A 8 68 16 7 1
181 L+1 -7.79 A 4 22 68 5 0
180 LUMO -8.02 A 3 6 7 61 23
179 HOMO -10.78 A 55 26 17 1 1
178 H-1 -11 A 53 22 18 4 4
177 H-2 -11.16 A 64 12 21 2 1
176 H-3 -11.4 A 3 56 41 0 0
175 H-4 -11.61 A 13 50 34 1 2
174 H-5 -11.68 A 7 79 13 1 0
173 H-6 -11.78 A 26 51 20 1 1
172 H-7 -11.8 A 0 2 98 0 0
171 H-8 -11.86 A 20 20 57 2 1
170 H-9 -12.52 A 1 96 1 1 1
169 H-10 -12.59 A 1 2 43 53 1
168 H-11 -12.64 A 1 1 55 42 1
167 H-12 -12.98 A 2 4 1 50 43
166 H-13 -13.39 A 0 60 35 1 4
165 H-14 -13.6 A 2 54 28 1 16
164 H-15 -13.66 A 1 58 33 1 8
163 H-16 -13.68 A 3 50 38 6 3
162 H-17 -13.79 A 1 28 68 0 3
161 H-18 -13.9 A 3 33 11 1 52
160 H-19 -14.01 A 3 32 61 2 2
159 H-20 -14.06 A 3 24 58 1 14
Figure C-4: Molecular Data for [Ru(biq)2(Hpztr)]2+.
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MO eV Symmetry Ru phenl phen2 pz tr
160 L+20 -0.31 A 4 1 94 1 0
159 L+19 -0.44 A 118 -6 0 -4 -5
158 L+18 -0.84 A 0 0 1 34 64
157 L+17 -1.39 A 8 0 0 19 73
156 L+16 -1.55 A 108 0 -7 -1 2
155 L+15 -1.63 A 111 -4 -2 -1 0
154 L+14 -1.74 A 22 76 2 0 0
153 L+13 -1.84 A 89 12 0 0 0
152 L+12 -1.99 A 2 5 92 0 0
151 L+11 -2.19 A 68 5 13 1 12
150 L+10 -2.41 A 67 17 7 8 0
149 L+9 -2.95 A 1 98 0 0 0
148 L+8 -3.19 A 1 0 98 0 0
147 L+7 -3.6 A 2 85 12 1 0
146 L+6 -3.77 A 1 3 36 53 7
145 L+5 -3.97 A 1 10 50 34 5
144 L+4 -4.62 A 5 1 1 82 10
143 L+3 -4.9 A 1 97 2 0 0
142 L+2 -5 A 5 89 5 1 0
141 L+1 -5.11 A 1 2 97 0 0
140 LUMO -5.23 A 4 5 90 1 0
139 HOMO -8.13 A 59 5 2 5 28
138 H-1 -8.44 A 74 12 8 2 4
137 H-2 -8.56 A 70 3 12 7 9
136 H-3 -8.93 A 19 3 2 21 55
135 H-4 -9.17 A 1 1 0 0 98
134 H-5 -9.55 A 2 3 1 84 11
133 H-6 -9.71 A 2 80 2 5 12
132 H-7 -9.97 A 3 8 87 1 1
131 H-8 -10.02 A 7 53 5 1 34
130 H-9 -10.13 A 4 10 3 10 73
129 H-10 -10.19 A 11 43 5 2 39
128 H-11 -10.32 A 1 2 96 0 0
127 H-12 -10.93 A 0 1 1 76 23
126 H-13 -11.52 A 0 77 18 2 3
125 H-14 -11.58 A 0 57 34 8 2
124 H-15 -11.61 A 2 81 13 2 2
123 H-16 -11.75 A 0 10 80 8 1
122 H-17 -11.81 A 2 33 56 5 3
121 H-18 -11.87 A 0 47 35 17 2
120 H-19 -11.97 A 0 15 54 4 28
119 H-20 -12.1 A 3 
F ig u r e  e - s i  M o l e c u l a r  D a t a  f o r  [R u(phen)2(p z tr ) ]+
4 18 73 2
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MO _____  eV____ Sym m etry___ Ru__ p h e n l __  phen2 ____pz __ Htr
160 L+20 -3.09 A 95 -8 -1 7 9
159 L+19 -3.59 A 55 -4 -4 12 43
158 L+18 -4.11 A 51 45 5 -1 0
157 L+17 -4.11 A 58 44 -1 -1 1
156 L+16 -4.27 A 102 -6 6 0 0
155 L+15 -4.29 A 13 8 78 0 0
154 L+14 -4.51 A 86 -1 -1 0 18
153 L+13 -5.11 A 10 1 2 41 46
152 L+12 -5.25 A 56 8 12 8 16
151 L+11 -5.32 A 46 43 5 6 1
150 L+10 -5.37 A 24 69 5 2 0
149 L+9 -5.53 A 2 1 97 0 0
148 L+8 -5.8 A 1 4 0 2 93
147 L+7 -6.02 A 2 74 21 0 3
146 L+6 -6.27 A 1 21 76 1 1
145 L+5 -7.27 A 1 73 4 20 3
144 L+4 -7.35 A 1 24 1 66 8
143 L+3 -7.45 A 2 12 86 0 0
142 L+2 -7.49 A 3 83 12 1 0
141 L+1 -7.63 A 4 3 91 1 1
140 LUMO -8.15 A 6 1 2 66 24
139 HOMO -11.29 A 80 8 6 2 4
138 H-1 -11.35 A 66 19 9 2 4
137 H-2 -11.48 A 70 5 14 8 2
136 H-3 -12.13 A 9 84 6 1 1
135 H-4 -12.3 A 9 8 81 1 0
134 H-5 -12.52 A 3 89 7 1 0
133 H-6 -12.67 A 2 3 84 11 0
132 H-7 -12.74 A 1 2 10 86 2
131 H-8 -13.14 A 3 3 0 48 46
130 H-9 -13.86 A 1 3 7 2 87
129 H-10 -13.92 A 1 81 18 1 0
128 H-11 -14 A 1 84 10 1 4
127 H-12 -14.11 A 0 16 79 3 2
126 H-13 -14.19 A 0 43 54 1 2
125 H-14 -14.2 A 3 22 73 2 1
124 H-15 -14.46 A 2 79 7 12 1
123 H-16 -14.61 A 2 7 68 6 17
122 H-17 -14.66 A 1 3 11 47 37
121 H-18 -14.97 A 1 53 14 1 32
120 H-19 -15.04 A 4 39 37 12 8
119 H-20 -15.16 A 3 17 54 15 11
Figure C-6: M olecular D ata for [Ru (phen)2(Hpztr)]2+.
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MO eV Symmetry Ru dpp1 dpp2 ___ pz tr
240 L+20 -1.57 A 3 6 90 0 0
239 L+19 -1.75 A 69 7 13 1 11
238 L+18 -1.87 A 16 81 1 2 1
237 L+17 -1.96 A 54 32 7 7 0
236 L+16 -2.09 A 2 0 98 0 0
235 L+15 -2.34 A 1 96 3 0 0
234 L+14 -2.47 A 0 98 2 0 0
233 L+13 -2.49 A 1 14 85 0 0
232 L+12 -2.49 A 1 90 10 0 0
231 L+11 -2.57 A 1 0 99 0 0
230 L+10 -2.66 A 0 0 100 0 0
229 L+9 -2.96 A 0 98 1 0 0
228 L+8 -3.14 A 1 1 99 0 0
227 L+7 -3.28 A 1 87 1 1 1 0
226 L+6 -3.45 A 1 4 45 44 6
225 L+5 -3.63 A 1 8 42 42 6
224 L+4 -4.3 A 6 2 1 81 10
223 L+3 -4.52 A 2 96 2 0 0
222 L+2 -4.6 A 5 89 5 1 0
221 L+1 -4.73 A 1 2 97 0 0
220 LUMO -4.82 A 3 6 88 2 0
219 HOMO -7.72 A 62 8 2 4 24
218 H-1 -7.94 A 68 17 11 1 3
217 H-2 -8.08 A 68 3 17 6 5
216 H-3 -8.55 A 10 10 3 21 56
215 H-4 -8.83 A 3 42 5 1 49
214 H-5 -8.89 A 3 33 6 1 57
213 H-6 -9.02 A 3 68 24 1 4
212 H-7 -9.08 A 9 29 59 2 2
211 H-8 -9.16 A 0 100 0 0 0
210 H-9 -9.17 A 0 100 0 0 0
209 H-10 -9.21 A 2 3 79 13 3
208 H-11 -9.25 A 0 0 97 3 0
207 H-12 -9.28 A 4 5 15 69 8
206 H-13 -9.34 A 0 0 100 0 0
205 H-14 -9.52 A 0 94 1 1 4
204 H-15 -9.68 A 5 59 6 1 30
203 H-16 -9.69 A 1 12 87 0 1
202 H-17 -9.78 A 5 23 5 8 59
201 H-18 -9.83 A 9 18 7 6 61
200 H-19 -9.93 A 1 1 97 0 0
199 H-20 -10.62 A 0 1 1 76 22
Figure C-7: Molecular Data for [Ru(dpp)2(pztr) ] \
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MO __ e V ____ Sym metry Ru dpp1 dpp2 pz Htr
240 L+20 -4.02 A 69 12 0 0 18
239 L+19 -4.15 A 5 93 1 0 1
238 L+18 -4.18 A 7 89 3 0 1
237 L+17 -4.23 A 2 87 11 0 0
236 L+16 -4.24 A 3 10 87 0 0
235 L+15 -4.27 A 2 2 95 0 0
234 L+14 -4.28 A 3 2 95 0 0
233 L+13 -4.53 A 47 5 12 13 23
232 L+12 -4.63 A 46 11 10 17 16
231 L+11 -4.63 A 38 8 4 26 23
230 L+10 -4.98 A 1 97 2 0 0
229 L+9 -5.11 A 1 2 96 0 1
228 L+8 -5.3 A 1 11 1 2 85
227 L+7 -5.42 A 2 67 23 0 9
226 L+6 -5.64 A 1 22 75 1 2
225 L+5 -6.64 A 1 92 4 3 1
224 L+4 -6.8 A 3 50 29 16 2
223 L+3 -6.82 A 0 10 64 23 3
222 L+2 -6.83 A 3 39 8 45 6
221 L+1 -6.95 A 4 5 90 1 1
220 LUMO -7.62 A 8 1 2 66 24
219 HOMO -10.36 A 32 47 19 1 1
218 H-1 -10.51 A 45 35 15 1 4
217 H-2 -10.56 A 37 14 46 3 1
216 H-3 -10.78 A 11 47 40 1 0
215 H-4 -10.84 A 0 100 0 0 0
214 H-5 -10.92 A 0 99 0 0 0
213 H-6 -10.95 A 1 0 99 0 0
212 H-7 -10.96 A 1 3 96 0 0
211 H-8 -10.96 A 24 45 27 1 3
210 H-9 -11.06 A 36 16 42 4 2
209 H-10 - 1 1 .1 A 38 18 41 2 1
208 H-11 -11.56 A 4 93 2 0 1
207 H-12 -11.69 A 5 4 91 0 0
206 H-13 - 11.88 A 2 91 6 0 0
205 H-14 -12.04 A 2 3 94 1 0
204 H-15 -12.26 A 1 1 1 95 2
203 H-16 -12.61 A 3 3 0 48 46
202 H-17 -13.05 A 1 82 16 1 0
201 H-18 -13.15 A 1 91 5 1 2
200 H-19 -13.21 A 1 11 86 1 0
199 H-20 -13.23 A 1 23 68 1 7
F ig u r e  C - 8 : MOLECULAR DATA FOR [Ru(DPP)2(Hpztr)]|2 + .
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Appendix C -  [Ru(LL)2(pztr)]+
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Appendix D -  Calculated Spectra
A p p e n d i x  D  
C a l c u l a t e d  V i b r a t i o n a l  S p e c t r a .
10 0 0 0  1
------- [Ru(bpy)2(thpztr)f
[Ru(bpy)2(Hthpztr)]2+
8000 ^
-------[Ru(d - bpy) (Hthpztr)]
Raman Shift (cm'1)
F ig u r e  D . l :  c a l c u l a t e d  Ra m a n  o f  [R u(b p y )2(t h pz t r ) ] \  |  R u (b py )2(H t h pz t r )]2+ a n d
[Ru(DaBPY),(HTHPZTR)]2+.
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Appendix D -  Calculated Spectra
Raman Shift (cm1)
F igure  D.2: Calculated Raman  Spectra of [Ru(pi iiiN)2(pzTK)|+, [ r.u(phen)2(Hi*ztr) ] ^  and 
[Ru(dpp)2(Hp z ir )]2v.
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Appendix D -  Calculated Spectra
Raman Shift (cm1)
F igure D.3: Calculated Raman S i'kctra of |R u(bpy)2(p/.tr)]+, [Ru(bi’Y>2(Hpztr)]2+, 
[Ru(biq)2(pztr)]+ and [Ru(biq)2(Hpztr)]2+.
Appendix D -  Calculated Spectra
Experimental Predicted Linear scaling
Wavelength 
linear scaling
p i P2 P I P2 p i P2 p i P2
1606 1574 1643 1610 1597 1566 1616 1573
1562 1526 1594 1552 1550 1509 1562 1514
1493 1425 1526 1461 1484 1421 1488 1420
1318 1302 1358 1331 1320 1294 1308 1288
1174 1006 1218 1020 1184 992 1161 976
1598 1598 1617 1618 1572 1573 1587 1582
1527 1526 1562 1562 1519 1519 1527 1524
1372 1373 1427 1451 1387 1411 1382 1410
1289 1289 1355 1355 1317 1318 1305 1313
1195 1195 1252 1252 1217 1217 1197 1208
RMSD 43 .86  43 .92  16.43 20.13 9 .18 19.04
F i g u r e  D.4: Calculated and  Experimental Ram an  Bands for  [Ru(bpy)2(phpztr)]+ (P I) and [RU(d8- 
BPY)2(PHPZTR)]+(P2).
D4
Appendix E -  Publications
A p p e n d i x  E  
P u b l i c a t i o n s  a n d  P r e s e n t a t i o n s .
Publications.
Regioselective Functionalization Of Tetrabromophenanthroline-Ruthenium Complexes 
Rau, S., Fischer, R., Jager, M., Schafer, B., Meyer, S., Kreisel, G., Gorls, H., Rudolf, M., 
Henry, W., Vos, J.G., Eur. J. Inorg. Chem., 2004, 2001-2003.
Assessment Of Intercomponent Interaction In Phenylene Bridged Dinuclear Ruthenium 
And Osmium Polypyridyl Complexes.
Guckian, A.L., Doering, M., Ciesielski, M., Walter, O., Hjelm, J., O'Boyle, N.M., Henry, W., 
Browne, W.R., McGarvey, J.J., Vos, J.G., Dalton Trans., 2004, 3943-3949.
Ground and Excited-State Electronic Structure Of An Emissive Pyrazine Bridged 
Ruthenium-Dinuclear Complex.
Browne, W.R., O'Boyle, N.M., Henry, W., Guckian, A.L., Horn, S., Fett, T., O'Connor, 
C.M., Duati, M., DeCola, L., Coates, C.G., Ronayne, K.L., McGarvey, J.J., Vos, J.G., J. Am. 
Chem. Soc., 2005, 127, 1229-1241.
Ground vs. Excited-State Interactions In Ruthenium-Thienyl Dyads: Implications For 
Through Bond Interaction In Multicomponent Systems.
Henry, W., Browne, W.R., Ronayne, K.R., O'Boyle, N.M., Vos,J.G., McGarvey, J.J., J. Mol. 
Struct., 2004, 735-736, 123-134.
Microscopy And Spectroscopy Of Interactions Between Metallopolymers And Carbon 
Nanotubes.
E l
Appendix E -  Publications
Frehill, F., in het Panhuis, M., Young, N.A., Henry, W., Hjelm, J., Vos, J.G., J. Phys. 
Chem. B., 2005, 109, 13205.
A Heterodinuclear tpphz Complex Capable Of Photocatalytlcally Producing Hydrogen. 
Schafer, B., Gleich, D., Rudolph, M., Friedrich, M., Gorls, H., Henry, W., Vos, J.G.,
Angew. Chem. Int. Eng. Ed. (Copy attached). Accepted
Derivatives of dipyrido[3,2-a:2_,3_-c]phenazine and its ruthenium complexes, 
influence of aryiic substitution on photophysical propertiest
Schafer, B., Gorls, H., Presselt, M., Schmitt, Mv Popp, J., Henry, W., Vos, J.G., Rau, S. 
Dalton Trans., 2006, 18, 2225.
Posters.
Tuning Of The Photophysical And Photochemical Properties Of Ruthenium (II) Polypyridyl 
Complexes Containing 1,2,4 Triazoles By Variation Of Ligand, pH And Solvent.
Presented at European Photochemistry Association Summer School, 28th June to 2nd July
2003, Egmond Aan Zee, The Netherlands.
Application Of Deuteration In Raman Spectroscopy And Its Agreement With 
Computational Studies.
Presented at Infra Red and Raman Discussion Group: 9th & 10th September 2004, The 
Queen's University of Belfast, Ireland.
Also presented at Electronic Structure: Principles and Application: 15th to 17th September
2004, Valladolid, Spain.
E2
J. Phys. Chem. B 2005, 109, 13205-13209 13205
M icroscopy a n d  Spectroscopy of In te rac tio n s  betw een M etallopolym crs and  C arb o n  
N anotubes
Fiona Frehill,^ M arc in het Panhuis,* * Nigel A. Young,* W illiam Henry,+ Johan Hjelm,t and 
Johannes G. Vos*
National Centre fo r  Sensor Research, School o f  Chemical Sciences, Dublin City University, Dublin 9, Ireland, 
and Department o f Chemistry, The University o f Hull, Hull, HU6 7RX, United Kingdom
Received: March 21, 2005; In Final Form: May 24, 2005
The interaction between redox polymers, based on Ru- or O s-bis(2,2'-bipyridyl)-poly(4-vinylpyridine), and 
carbon nanotubes was investigated by spectroscopic and microscopic techniques. These metallopolymers were 
found to be excellent dispersants for nanotubes, as a result o f a good wetting interaction betw een polymer 
and nanotubes. The results obtained show that well-coated individual nanotubes can be obtained. In addition, 
interactions between nanotubes and polym ers did not significantly affect the electronic and electrochemical 
properties o f  the metallopolymers. On the basis o f  the electrochem ical properties o f the polymers this opens 
the possibility o f  adding functionality through interaction with nanotubes, either as redox active materials 
w ith enhanced mechanic»! properties or by using Lliese modified nanotubes as nanosized electrochemical 
sensors.
1. In troduction
Since their discovery in 1991' carbon nanotubes have 
attracted considerable attention, mainly because their unique 
combination o f  mechanical, thermal, optical, and electrical 
properties may form the basis of many potential applications.2^4 
However, processing and manipulation of carbon nanotubes is 
limited by their lack of solubility in most solvents. Therefore, 
successful incorporation of nanotubes into materials requires 
the development o f  methods for their effective dispersion. 
Decreasing nanotube aggregation in solution and improving 
solubility are areas o f  intensive research. Compounds such as 
saccharides,5,6 surfactants,7" 10 ceramics,11 biological entities,12,13 
synthetic polymers,1,1-25 and chemically modified soy oil36 have 
been used to disperse single-walled (SWNT) and mulliwallcd 
(MWNT) carbon nanotubes through noncovalent functional- 
ization. Polymers are attractive materials since they may be 
easily processed and fabricated into solid-state forms such as 
thin films required in most applications.27 In addition to acting 
as efficient nanotube dispersing agents, employing polymers in 
composites is of interest because they allow for a novel 
combination o f nanotube and polymer properties. Previous work 
established that the formation o f stable polymer—nanotube 
composites depends on a good welling interaction between 
polymers and nanotubes.14,16 This in turn has been found lo be 
dependent in particular on the polymer chain conformation.lW!> 
In addition it was determined that certain polymers form 
crystalline layers around nanotubes thereby increasing polymer 
backbone—nanotubes interactions.23'24
Composite materials from nanotubes and conducting polymers 
have been investigated.19,21,22,25 The electrochemical activity in 
these polymers is based on the electronic and electrochemical 
properties of the polymer backbone. On the other hand, for redox
* To whom correspondence should be addressed. E-mail: 
M.Panhuis@hull.ac.uk. 
t Dublin City University, 
t The University of Hull.
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M(bpy)zCI
Figure 1. Structure o f metallopolymers [M(bpy)2PVPioCl]Cl, with M 
=  Ru or Os.
polymers such as materials of the type ¡M{bpy)2(PVP)i<jCt]CI 
(see Figure 1), where M  =  Ru or Os, bpy is 2,2'-bipyridine, 
and PVP is poly(4-vinyl)pyridine, considered in this paper, the 
electrochemically active moieties are not related to the backbone 
but are based on pendent groups o f the type M(bpy)2—, which 
are covalently linked to the polymer backbone.28-30 The 
polymers are o f interest since their electrochemistry is extremely 
reversible and the materials are very stable in several oxidation 
states. They have therefore been used extensively as redox 
catalysts for the sensing of analytes such as Fe(II)/Fe(IfI), nitrite, 
and ascorbic acid and have been applied in biosensor 
assemblies.31-35 In addition, there is a well-developed synthetic 
chemistry for these redox metallopolymers containing poly- 
(pyridyl) complexes o f ruthenium(II) and osmium(II) and their 
redox potential can be varied systematically.36
In this contribution, (noncovalent) interactions between two 
redox metallopolymers and single-walled and multiwalled 
carbon nanotubes are investigated, using a range of microscopic 
and spectroscopic techniques.
2. Experim ental Details
SWNT37 were prepared by high-pressure decomposition of 
carbon monoxide (HiPco) obtained from Carbon Nanotech­
nologies, Inc. (Houston, USA, batch no. PO-185). Catalytic 
chemical vapor deposition (CVD) produced MWNT were
I0.1021/jp051459o CCC: $30.25 © 2005 American Chemical Society
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obtained from Nanocyl S.A. (Belgium, batch no. NFL60). The 
metallopoiymers [Ru(bpy)2PVPioCl]Cl and [Os(bpy)2PVPioCl]- 
C1 where bpy is 2,2'-bipyridine and PVP is poly(4-vinyl)pyridine 
were prepared as described previously.36
Nanotube dispersions were prepared by sonicating SWNT 
or MWNT in a 0.5% (weight per volume) methanolic solution 
of the polymer until a dense black dispersion had formed. The 
resulting composites are the following: [Ru(bpy)2PVPioCl]Cl— 
MWNT 1, [Ru(bpy)2PVP10C l]C l-SW N T 2, [Os(bpy)2PVPio- 
C1]C1—MWNT 3, and [Os(bpy)2PVP,oCl]Cl-SW NT 4.
LTV—vis absorption spectra (accuracy ± 2  nm) were recorded 
in 10 mm quartz cuvettes on a Shimadzu U V —vis— NIR 3100 
spectrophotometer interfaced with an Elonex PC466, using a 
U V —vis data manager. Raman spectra were collected in 180° 
scattering geometry with a Bruker FRA 106/S Raman module 
mounted on a Bruker Equinox55 FTIR bench with a cw Nd: 
YAG 1064 nm laser at ca. 100 mW, a CaF2 beam splitter, and 
a liquid nitrogen coolcd Gc detector. Transmission electron 
microscopy (TEM) images were obtained on a JEOL 2011 TEM. 
Diluted composite solutions were evaporated onto Cu 300 mesh 
grids. Tapping mode atomic force microscopy (TM-AFM) was 
carried out in an air environment with use of a Digital 
Instruments Nanoscope Ilia. Laser alignment was performed 
manually, and cantilever tuning and drive frequency selection 
was automatically performed by the DI software. The cantilevers 
used are made of silicon and have a triangular pyramid shape, 
a tip radius <10 nm, a force constant of 25—60 N/m, and a 
resonant frequency o f 150—190 kHz. The carbon nanotube 
polymer composites for TM-AFM analysis were prepared on 
native oxide-covered S i ( l l l )  substrates. Initially a S i0 2 wafer 
was cleaned by sonication in acetone and ethanol for 5 min 
each, and then gently boiled in piranha solution (H20 2:NH4: 
H20  (1:1:5)) for 25 min (to remove any form of organic 
contaminants and trace metals). The wafers were rinsed with 
Milli-Q water and dried under argon. A 1% (v/v in Milli-Q 
water) solution of 3-(aminopropyl)triethoxysilane (APS, Aldrich) 
was dropped onto a eleaned wafer and allowed to react for up 
to 10 min. The wafers were rinsed with Milli-Q water and dried 
under argon. The various carbon nanotube polymer composite 
solutions (in methanol) were drop-cast onto the silanized wafer. 
In one set o f samples the silanized wafers coated with the 
polymer solution were allowed to stand for 10 min. The wafers 
were then rinsed with Milli-Q water and dried under argon after 
which TM-AFM analysis was carried out. In the second set of 
samples no washing with water was carried out and the polymer- 
coated surfaces were allowed to stand for 24 h until the methanol 
evaporated and subsequently TM-AFM analysis was carried out.
3. Results and Discussion
Absorption spectroscopy has proved useful in the character­
ization of ruthenium- and osmium-based polymers36,38 and to 
examine the effects o f interaction with nanotubes on poly­
mers.15’16 UV—visible absorption spectra for the [Ru(bpy)2PVPio- 
C1JCI polymer and its polym er-nanotube composites arc shown 
in Figure SI in the Supporting Information (composite 1) and 
Figure 2 (composite 2), The spectrum for tiie Ru-mctallopolymer 
is dominated by two characteristic bands at 350 and 498 nm 
attributed to a single mctal-lo-ligand charge-transfer ('M LCT) 
transition. The analogous osmium metallopolymer exhibits 
similar MLCT bands at 364 and 481 nm and an additional broad 
feature with a maximum at about 700 nm (see Figure S2 in the 
Supporting Information). The latter has been assigned to a spin- 
forbidden 3MLCT transition, which is partly allowed by the 
considerable spin—orbit coupling present in the Os metal ion.36
Wavelength (nm)
Figure 2. UV— visible absorption spectra o f [Ru(bpy)2PVP 10Cl]Cl (top 
line), and composite 2 (bottom line, SWNT) normalized to 900 nm.
In comparison to the metallopoiymers no significant changes 
are observed in the positions of the spectroscopic features for 
the composite materials. However, the relative intensity of the 
band associated with MCLT transitions is significantly reduced 
in the composite material. In addition, broad features at 660, 
739, and 817 nm in the absorption spectrum of composite 2 
(see Figure 2) confirm the presence of nanotubes. These bands 
can be attributed to transitions between van Hove singularities 
in SWNT aggregates similar to our previous observations.19 The 
U V —vis spectral features indicate that the overall structure of 
the metallopoiymers is not significantly changed. This is 
confirmed by electrochemical studies (not shown), which show 
that the redox potentials o f the composites are very close to 
those observed for the polymers themselves. The spectroscopic 
data do, however, indicate the presence of both carbon nanotubes 
and polymer.
Raman spectroscopy is a spectroscopic tool used to probe 
carbon nanotubes in polymer composites and can provide insight 
into the interaction between polymer and nanotubes.18'19 Raman 
spectra o f HiPco SWNT have been extensively studied and are 
well understood.39 Figure S3 (in the Supporting Information) 
shows the room-temperature Raman spectra of HiPco SWNT 
and composite 2 for laser excitation at 1064 nm (1.17 eV). The 
observed features for SWNT are assigned as follows: low- 
frequency radial breading modes (RBM, below 400 cm-1), the 
disorder induced D band (around 1275 cm-1), tangential C—C 
stretching mode features (G bands, near 1590 cm-1), and two- 
phonon-scattering processes (between 1600 and 3000 cm-1).39 
It has been noted that the various modes in the range 500— 
1200 cm-1 are only observed for this particular excitation 
wavelengdi and were attributed to enhancement of Raman cross- 
section for small-diameter (below 1.0 nm) SWNT.39 Carbon 
nanotube features dominate the Raman spectrum of the com­
posite (Figure S3, black line). The intertube interaction in SWNT 
bundles is dominated by van der Waals interactions. It is well- 
known that noncovalent sidewall functionalization of nanotubes 
results in an upshift o f  the radial breathing modes fea­
tures.6'12’15'18'19'26 The magnitude of the upshift depends on the 
degree o f (partial) intercalation of the dispersant between 
nanotubes in bundles and coating of bundles. In comparison 
with the HiPco spectrum, the upshifts for the composite are as 
follows: RBM features by up to 4 cm-1, D-band by 5.8 cm-1, 
and G-bands by 2.1 cm-1 . Therefore, the observed shifts in 
nanotube features suggest that the Ru-metallopolymer interacts
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Figure 3. Transmission electron microscopy (TEM ) images: (A ) Low-resolution images o f composite 1 showing wetting o f M W NT by 
Ru-metallopolymers (scale bar 50 nm). (B ) Low-resolution image o f  composite 2 (scale bar 100 nm) and (C) high-resolution image o f composite 
2 (scale bar 20 nm) showing bundles o f SWNT wetted by the Ru-metallopolymer. Dark spheres are Fe catalyst particles used in HiPco synthesis. 
(D ) Low-resolution images o f  composites 3 showing wetting o f M W NT by Os-metallopolymers (scale bar 200 nm).
with nanotubes. Similar observations were made for the other 
composites (not shown).
Electron microscopy is an excellent technique for investigat­
ing the wetting between polymers and nanotubes as both can 
be readily identified in the images. Figure 3 shows TEM images 
of composites 1—3. The nanotubes are visible as the darker thin 
lines, with the hollow core o f the nanotube visible within. 
Nanotubes produced by CVD (Figure 3A,D) and HiPco (Figure 
3B,C) techniques are structurally different as is evident from 
the images. CVD-produced tubes contain structural defects 
resulting in bends in the nanotube bodies. HiPco tubes contain 
fewer defects and therefore appear as mainly straight lines. In 
addition, as CVD tubes are MWNT (consisting of multiple 
carbon shells) they are thicker and longer compared to the 
SWNT (consisting of a single carbon shell) produced by the 
HiPco process. It is evident from the images that both types of 
nanotubes are nicely and completely covered by metallopolymer. 
In particular, composites 1 and 3 consist of individual MWNT 
coated by a thick layer o f polymer. Whereas in composites 2 
and 4 (not shown), SWNT appear in bundles (or aggregates) 
coated in polymer. This is indicative o f good binding as the 
nanotubes support a large amount o f polymer.
TM-AFM was used to investigate the difference in surface 
topography between MWNT and polymer—nanotube compos­
ites. Height analysis o f unmodified MWNT (Figure S4 in the 
Supporting Information) suggests a nanotube thickness o f 50— 
60 nm, in good agreement with the manufacturer’s specification.
Height analysis with AFM is only approximate due to surface 
interactions and flattening o f the tube on the surface. Images 
of composite 1 drop-cast from solution on a wafer can be 
observed in Figure 4. Ru-metallopolymer covered MWNT 
(straight lines) and free polymer (spherical objects) can be 
clearly identified. Subsequently, a sample o f composite 1 was 
prepared by allowing the composite solution to react with the 
amino-functionalized surface for 10 min, after which the 
substrate was washed with a small quantity of Milli-Q water. 
The resulting images (Figure 5) show that the nanotubes are 
noncovalently bound to the surface whereas free polymer 
(evidently present in Figure 4) is washed from the substrate. 
This allows for more reliable height analysis. [Ru(bpy)2PVPio- 
C1]C1 does not readily dissolve in water but may be removed 
from the surface as the methanolic solution has not evaporated. 
Thus aggregates o f composite 1 are now readily identified (in 
Figure 5), without the presence of excess polymer. Height 
analysis suggests a thickness o f 165—200 nm for the polymer- 
coated MWNT. Similar observations may be made for the 
polymer—tube composites 2, 3, and 4 (see Figures S5—S7 in 
the Supporting Information). This coating method incorporating 
a washing cycle provides a technique for forming aggregates 
o f polymer—nanotube composites without the presence of free 
polymer.
In previous studies on polymers such as poly(p-phenylene 
vinylene-co-2,5-dioctyloxy-m-phenelyne-vinylene) (PmPV)16,40 
and electroactive polyaniline19 it was shown that optimum
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Figure 4. TM-AFM imaging on composite 1 drop-cast onto S i0 2 wafer and allowed to evaporate for 24 h. Image dimensions: (A ) 15.0 x 
15.0 fim 2, z-range =  200 nm and (B) 2.798 x  2.798 «m 2, z-range =  175 nm.
Figure 5. TM-AFM imaging on composite 1 drop-cast onto SÌO2 wafer after washing treatment. (A ) AFM  image with dimensions 5.0 x  5.0 firn1 
and z-range 175 nm and (B ) corresponding amplitude data.
interaction with nanotubes can be linked to backbone exposure 
in the polymer. These polymers share an important character­
istic, e.g., the presence of double bonds in the polymer backbone, 
which makes them ideal for noncovalcnt (attractive) interactions 
with the nanotube surface. This has generally been referred to 
as jr-stacking of the polymer backbone on the nanotube surface. 
Changes in the optical spectroscopy can be directly linked to 
changes in the polymer conformation due to the presence of 
these double bonds. Double bonds are absent in the backbone 
of our metallopoiymers and thus the attractive interaction will 
be different compared to that o f conjugated polymers. Most 
important, functional ization of nanotubes with metallopoiymers 
will not be facilitated by ir-stacking o f the polymer backbone 
(onto the nanotube surface), but by ^-stacking of the ligands. 
One would expect that the jr-system of (metallopoiymers’) 
ligands would facilitate a strong interaction with the nanotube 
surface and a significant effect on the MLCT transitions. 
However, as the MLCT transitions only reduce in intensity it 
is suggested that steric issues probably prevent a strong 
interaction (with nanotubes). This would suggest that the 
polymer conformation itself is not significantly affected. The 
spectroscopic data agree well with this suggestion as the most 
observable change is the reduction in intensity o f MLCT 
transitions. Further theoretical work on the interaction between
metallopoiymers and carbon nanotubes and the morphology of 
metallopoiymers absorbed onto the nanotubes’ surface is 
necessary to fully understand the conformational changes in 
these metallopoiymers (for examples o f such investigations see 
refs 16, 41, and 42).
4. Conclusions
This work has shown that SWNT and MWNT can be 
stabilized in redox metallopoiymers containing poly(pyridyl) 
complexes of ruthenium(II) and osmium(II). Microscopy (AFM 
and TEM) analysis has shown excellent wetting of the nanotubes 
with metallopoiymers, thus demonstrating an attractive interac­
tion between polymers and nanotubes. Spectroscopic analysis 
has shown that interactions with nanotubes do not significantly 
affect the metallopoiymers’ electrochemical properties. It is 
suggested that the resulting composite materials are likely to 
exhibit redox properties similar to that o f free polymer. The 
interaction with nanotubcs then adds functionality, as combining 
nanotubes and metallopoiymers into composites could result in 
redox active materials with enhanced mechanical properties. The 
fact that in the polymer—nanotube assemblies the electrochemi­
cal and electronic properties o f the polymers are maintained 
opens the possibility for their application o f the assemblies as
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nanosized electrochemical sensors for a range of both chemical 
and biological analytes, with the polymer coating acting as a 
redox catalyst. Further studies are currently in progress.
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A bstract
The vibrational and photophysical properties of mononuclear rutheiuimi(II) and ruthcnium(IU) polypyridyl complexes based on the 
ligands 2-(5'-(pyridin-2"-yl)-l/H-l',2',4'-triaz-3'-yf)-thiophene, 2-(5'"(pyrazin-2"-yl)-l'H-i',2',4'-triaz-3'-yl)-thiophene, arc reported. The 
effect of the introduction of the non-innocent thiophene group on the properties of Ihe triazole based rutheniuni(fl) complex is examined. The 
pH sensitive 1,2,4-triazole group, although influenced by the electron withdrawing nature of the thiophene group, does not facilitate excited 
stale interaction of the thiophene and Ru(II) centre. Deuteriation and DFT calculations are employed to enable a deeper understanding of the 
interaction between the two redox-active centres and rationalise the difference between the extent of ground and excited state interaction in 
this simple dyad. The results obtained provide considerable evidence in support of earlier studies examining differences in ground and 
excited state interaction in multinuclear thiophene-bridged systems, in particular with respect to HOMO- and LUMO- mediated 
superexchange interaction processes.
© 2004 Elsevier B.V. All rights reserved.
Keywords: Ruthenium; Charge transfer states; LMCT; Thienyl; Raman
1. Introduction
The w ell-defined spectroscopic, photophysical, photo- 
chcm ical, and electrochem ical properties o f R uthenium (II) 
polypyridyl com plexes underlie their potential as building 
blocks in supram olecular assem blies. O f particu lar interest 
is their incorporation  into the design o f m ultinuclear 
structures capable o f directing and m odulating electron 
and energy transfer processes [1], The ability  to tune the 
excited state properties o f these com plexes is key to then- 
potential for practical applications. C entral to the develop­
m ent o f photonic devices based on m ulticom ponent system s 
is a detailed understanding o f  the nature o f  interaction
* Corresponding author. Tel.; +44 2890 975450; fax: +442890 382117.
E-mail address: j.mcgarvey@qub.ac.uk (J.J. McGarvey).
1 Present address: Organic and Molecular Inorganic Chemistry, Faculty 
of Mathematics and Natural Sciences, Royal University Groningen, 
Nijenborgh 4, Groningen, The Netherlands.
0022-2860/$ - see front matter ©  2004 Elsevier B.V. All rights reserved, 
doi: 10.1016/j.molstruc.2004.10.114
betw een m olecular com ponents. In the present w ork the 
d ifferences in the ex ten t o f in teraction  o f  m olecu lar 
com ponents, in  the ground electronic state and in the thexi 
(therm ally equilibrated  excited) state, are investigated.
In previous studies o f  dinuclear R u(II) com plexes which 
incorporate 1,2,4-triazole ligands in the bridging unit, the 
im portance o f the triazole bridge in m ediating electron and 
energy transfer was dem onstrated in the pH  dependence o f 
the interaction strength. In  these system s a relatively strong 
ground state interaction betw een the metal centres was 
effective over considerable distances (typically, ~  12 A), 
w hilst excited state interaction was found to be  much 
w eaker [2], W hile the ground state interaction is very 
sensitive to the nature o f  the bridging unit, it appears that the 
excited state interaction is predom inantly  a through space 
(Forster) interaction [3].
To investigate further the ability o f the 1,2,4-triazole to 
perm it effective control over intercom ponent com m uni­
cation, we have extended our study to include ‘dyads’ based
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Fig. 1. Structure o f complexes and ligands.
on the ligands 2-(5/-(pyridin-2//-yl)-l,H -l/,2',4/-triaz-3/-yl)- 
thiophene (Hpytrth) and 2-(5/-(pyrazin-2,/-yl)-l/H -l,,2/,4,- 
triaz-3'-yl)-thiophene (Hpztrth). The electrochemical and 
spectroelectrochemical properties of these complexes have 
been reported in an earlier contribution [2], together with 
the properties of the non-substituted monomers and the 
dimeric complexes in which thiophene bridges between two 
Ru(II)-triazole units (see Fig. 1). In the present investigation 
the mononuclear complexes and their deuteriated isotopo- 
logues based on these ligands have been examined by 
Raman, electronic and emission spectroscopy both in the 
Ru(H) and Ru(H[) oxidation states. The experimental data 
are supplemented by DFT calculations. The results obtained 
are compared with our earlier studies on related mono­
nuclear complexes and on the thiophene/triazole-bridged 
dinuclear complexes (5 and 6), with particular reference to 
the degree of interaction between the ruthenium(H) triazole 
and the thienyl moieties in the ground and thexi states.
2. Experimental
2.1. M a ter ia ls
All solvents employed were of HPLC grade or better and 
used as received unless otherwise stated. For all spectro­
scopic measurements Uvasol (Merck) grade solvents were 
employed. All reagents employed in synthetic procedures 
were of reagent grade or better. [Ru(|Dn|-bpy)2Cl2] was 
obtained from Complex Solutions (Dublin, Ireland) and 
used as received. The complexes [Ru([H8]-bpy)2 
(pytrth)]PF6 ( la )  and [Ru([H8]-bpy)2(pztrth)]PF6 (2a) 
were available from earlier studies [2]. |Ru([D8]-bpy)2 
(pytrth)]PFs (lb ) and [Ru([D8]-bpy)2(pztrth)]PF6 (2b) were 
prepared by similar procedures to la  and 2a respectively. 
Deuteriation was > 9 9 .5 %  by :H NMR (see Fig. SI, 
supplementary information).
2.2. P h ys ic a l m ea su rem en ts
NMR spectra were recorded on a Bruker Avance 400 
(400 MHz) NMR Spectrometer All measurements were 
carried out in [D3]-acetonitrile for complexes. Peak 
positions are relative to residual solvent peaks. UV/Vis 
absorption spectra (accuracy +  2 nm) were recorded in 
10 mm quartz cuvettes on a Shimadzu UV/Vis-NIR 3100 
spectrophotometer interfaced with an Elonex PC466 
using UV/Vis data manager. Molar absorption coefficients 
are +10%. Emission spectra (accuracy +  5 nm) were 
recorded at 298 K using a LS50B luminescence spectro­
photometer, equipped with a red sensitive Hamamatsu R928 
PMT detector, interfaced with an Elonex PC466 employing 
Perkin-Elmer FL WinLab custom built software. Emission 
and excitation slit widths were 10 nm. Emission spectra are 
uncorrected for photomultiplier response. pH titrations of 1 
and 2 were carried out in Britton-Robinson buffer (0.04 M 
H3B 0 3, 0.04 M H3P04, 0.04 M CH3C 02H) (pH was 
adjusted using concentrated sulfuric acid or sodium 
hydroxide solution) and followed by monitoring the pH 
dependence of absorption and emission spectra. pH; refers 
to the inflection point of the emission titration curve. The 
appropriate isosbestic point from the absorption spectra was 
used as the excitation wavelength for emission titrations. 
Luminescence lifetime measurements were made using an 
Edinburgh Analytical Instruments (EAI) Time-Correlated 
Single-Photon Counting apparatus (TCSPC) as described 
previously [4], Samples were deoxygenated by bubbling for 
20 min using Ar gas before measurements were carried out, 
followed by periodic de-aeration to maintain oxygen 
exclusion. Emission lifetimes were calculated using a single 
exponential fitting function, involving a Levenberg- 
Marquardt algorithm with iterative reconvolution (Edin­
burgh instruments F900 software) and are ±10%. The x2 
and residual plots were used to judge the quality of the fits.
Ground state resonance Raman spectra of the complexes 
were recorded at 457.9,488 and 514.5 nm using an Argon ion 
laser (Spectra Physics model 2050) as the excitation source
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[5], The laser power at the sample was typically 30-40 mW. 
The Raman backscatter was focused onto the entrance slit of 
a single stage spectrograph (JY Horiba HR640), which was 
coupled to a CCD detector (Andor Technology DV420-OE). 
Spectra generated at an excitation wavelength of 532 nm 
were recorded using an Andor Technology Raman Station. 
The spectra were ran in quartz cuvettes. Solid state spectra at 
785 nm were obtained on a JY Horiba Labram HR800 
Raman microscope with a 300 groove grating. Transient 
resonance Raman spectra were recorded using the single- 
colour pump and probe method in which the leading edge of 
the pulse excites the molecules and the trailing edge probes 
the resultant Raman scattering [6]. The excitation source 
was a pulsed laser (Spectra Physics Q-switched Nd:YAG, 
GCR-3) at 354.7 nm with a typical pulse energy of approx 
3 mJ at the sample. The Raman backscatter was focused onto 
the entrance slit of a double-stage spectrograph (Spex 1870), 
which was coupled to an [CCD (Andor Technology DH501). 
Typically, spectra were collected as a summation of 6000 
accumulations.
2.3. Density functional theory calculations
Density functional calculations were carried out with 
Gaussian 03W [7] using Becke’s three-parameter hybrid 
functional [8] with the LYP correlation functional [9] 
(B3LYP). The LanL2DZ basis set was used. This uses the 
Dunning-Huzinaga double-^ basis functions [10] (DZ) for 
carbon, nitrogen, and hydrogen atoms, the Los Alamos 
effective core potential for the Ru core electrons, and DZ 
functions for the Ru valence electrons [11]. An ultrafine 
integration grid was used. Raman frequency calculations 
were canned out at the optimised geometry. GaussSum 0.8 
[12] was used to calculate group contributions to the 
molecular orbitals and to prepare the partial density of 
states (PDOS) spectra. The contribution of a group to a 
molecular orbital was calculated using Mulliken population 
analysis. The PDOS spectra were created by convoluting
the molecular orbital information with Gaussian curves of 
unit height and FWHM of 0.3 eV.
3. Results
The visible absorption and emission data for complexes 
la /lb  and 2a/2b are listed in Table 1, with data for related 
complexes included for comparison. The lowest energy 
absoiption feature for all complexes is assigned to several 
overlapping singlet metal-to-ligand-charge-transfer 
('MLCT) transitions (log s ~4.2), by comparison with 
other ruthenium polypyridyl complexes and on the basis of 
resonance Raman analysis (vide infra) [13]. All compounds 
show strong absorptions (log e~5) at ~  280 nm, which are 
tc- tt* in nature [14] Overall the electronic properties are 
typical for pyridyl and pyrazine triazolc complexes by 
comparison with complexes 3 and 4 [15]. For the pyridine-
1,2,4-triazole based complex, la, the absorption spectra of 
the protonated and deprotonated species are very different, 
with a substantial blue shift in the Amax occurring upon 
protonation (~40nm ) (see Fig. 2). However, for the 
pyrazine-1,2,4-triazole based complex, 2a, only a small 
blue shift in the Amax of the 1 MLCT absorption bands occurs 
upon protonation ( ~  10 nm) (Fig. 2). Difference spectra (see 
supplementary information, Fig. S2) show the changes more 
clearly, with a blue-shift in the visible absorption bands 
upon protonation and a red-shift in the 7T7t*bpy transition in 
the UV region. The effect of protonation on the pyridine and 
pyrazine bound isomers are similar to those of related 
mononuclear complexes (see Table 1). In strongly acidic 
solution (conc. H2S04), complex la  shows relatively minor 
changes in its absorption spectrum, whilst in contrast very 
dramatic changes in the absorption spectrum of 2a aie 
observed, with a blue-shift in the 1 MLCT absorption bands 
and the appearance of a very strong absorption at ~550 nm. 
For the mononuclear complexes a progressive modification 
of the absorption spectrum was observed +  1 pH unit either
Table 1
Photophysical and redox, properties (lifetimes for deuteriated complexes in parentheses)
^Abs /nm“ E m  (V  vs SCE)“ l^urn /nm’ pKab r z98 k/ûs8 T77 K/ms“ Ref.
la 245,291,480 0 .8 6  (1.62 iir) 683 3.05 110 (135) 3.01 (4.00) C
Hla 242, 286, 439 1.19 (1.67 irr) 613 - 15(6) 5.76 (7.62) c
la+ 570, 1050b - - - - - [2 a]
2a 244, 289, 455 0.95 (1.55 irr) 664 2.15 82 (184) 7.85 (8.75) C
H2a 245, 284, 438 1.23 (1.55 irr) 672 - 312(320) 7.34 (7.56) C
H22a 361, 543 - - - - - c
2a4 570, 10601’ - - - - - [2 a]
3 465 0.83 650 4.1 145 (183) - [15]
H3 437 1.14 620 - - - [15]
4 445 1 .0 1 668 3.7 230 (283) 4.45 (7.03) [15]
H4 441 1.25 658 - 230 (230) 4.77 (6.00) [15]
a In CH3CN. 
b In H20. 
c This work.
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wavelength (nm)
Fig. 2. Absorption Spectra for la  (left) and 2a (right) in conc. H2
side of the pK a point, with isosbestic points being 
maintained throughout the titration.
The acid dissociation constants (piTa) for all complexes 
are given in Table 1. The values were obtained from the 
change in the absorption spectra of the complexes with 
changing pH (see Fig. S2). The behaviour observed can 
be rationalised by protonation/deprotonation of the 
triazole moiety. The acidity of the coordinated triazole 
ring has been found to be dependent on the nature of the 
non-coordinated substituent in the C3 position of the
1,2,4-triazole. This dependence is reflected in the change 
in pK a, with respect to the unsubstituted C-H analogues 3 
and 4, Table 1 [16]. Protonation of the coordinated 
pyrazine ring, in 2a and 4, although possible, occurs at 
only at negative pH [2],
All complexes examined are luminescent in acetonitrile 
and, weakly, in aqueous solution, at room temperature 
and in EtOH/MeOH glass at 77 K. The complexes emit in 
the 600-700 nm region and a large blue shift is observed 
between 300 and 77 K, typical for 3MLCT emission [13]. 
Emission lifetimes at 77 and 298 K measured at the 
emission maxima indicated are collected in Table 1. As 
for the absorption spectra, the emission maxima of la  and 
2a are close to those of the related complexes 3a and 4a 
respectively. Protonation of la  results in a blue shift in 
the emission and a reduction in emission lifetime, while 
for 2a, protonation results in a modest red-shift in the 
emission spectrum with an increase in emission lifetime. 
The effect of deuteriation of the bpy ligands on the 
emission lifetime of la  and H la is not very significant at 
298 K (Table 1). However at 77 K in alcoholic glass a 
more pronounced deuteriation effect is observed for both 
the protonated and deprotonated species. In contrast, for 
2a a larger deuteriation effect is observed at 298 K and 
(but less so at) 77 K (+12%). For the protonated pyrazine 
based complexes H2a, no deuteration effect is observed at 
either temperature. A notable feature for complex 4, is the 
occurrence of a dual emission between 120 and 180 K 
[15]. A similar effect was observed (Fig. S4) for 2a
wavelength (nm)
SO4 (solid line), pH 1.5 (dotted line) and pH 7 (dashed line).
suggesting that the excited state electronic structure in 
both complexes is similar.
3.1. R a m a n  sp ec tro sco p y
Resonance Raman spectroscopy is widely employed in 
elucidating the ground and excited state properties of 
Ru(II) polypyridyl complexes, due to the selective 
enhancement of vibrational modes that are coupled to 
allowed spectroscopic transitions [17], Such selective 
enhancement may assist in elucidating the nature of 
particular transitions, for instance the extent to which they 
are centred or localised on specific orbitals of individual 
ligands in the molecule. This level of detail in the 
assignment of the transitions leading to population of the 
lowest excited states is of particular importance in the 
development and study of photoactive and luminescent 
transition metal complexes [1],
Non-resonant Raman spectra of la/lb  and 2a (powder 
samples) were recorded at 785 nm to provide a general 
overview of the (Raman-active) vibrational modes and are 
shown in Fig. 3. Deuteriation enables direct assignment of 
bpy based vibrational bands (at 1600, 1484, 1317, 1269, 
1171, 1057, 1033, 761 and 642 cm_1)[l8] and the pytrth~ 
(at 1606, 1552, 1514, 1462, 1435, 1388, 1344, 1299, 1184, 
1147, 1100, 1014, 949, 761, 646 c m '1) andpztrth“ (1552, 
1460,1418,1356, 1168,1143, 1102, 945, 651 cm“ 1) based 
vibrational bands.
Resonance Raman (rR) spectra were recorded for la/b, 
Hla/b, 2a/b and H2a/b in aqueous solution at 457.9 and 
488 nmandat514.5 nm for H22a/b. For la/lb  and Hla/Hlb 
only [H8]-bpy and [D8]-bpy based vibrational features 
respectively were observed at 457.9 and 488 nm (see 
Figs. S5 and S6, supplementary information), confirming 
the ^LCTbpy character of the lowest absorption bands and 
the absence of transitions associated with the pytrth-  and 
Hpytrth ligands. In contrast, for 2a/b, H2/b, although 
vibrational features associated with [H8]-bpy and [Dg]-bpy 
are observed, additional bands associated with pztrth ~~ and 
Hpztrth are observed also (Figs. 4 and 5). For 2a/b, additional
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Raman Shift (cm-1)
Fig. 3. (Solid state) Raman spectra of 2a (upper), la  (middle) and lb  (lower) at 785 nm.
vibrational bands at 1602, 1516, 1373 and 1194 cm-1 are 
observed at both 457.9 and 488 nm excitation.
For H2a/b, in addition to bpy features, bands assigned to 
the Hpztrth ligand are present at 1587, 1549, 1513, 1440, 
1387, 1293, 1206, 1187 and 1073 cm“ 1. For H22a/b no 
vibrational features assignable to [H8]-bpy/[D8]- bpy are 
observed at either 457.9 or 488 nm. Bands at 1634, 1544, 
1494 and 1472 cm“ 1 are insensitive to deuteriation and are 
assigned to the doubly protonated H2pztrth ligand.
Resonance Raman spectra of the oxidised complexes 
l a H and 2a , in H20 , (Fig. 6) in contrast to those of la/2a, 
show no characteristic [H8]-bpy features. The excitation 
wavelength used is resonant with a strong absorption 
assigned as a ligand to metal charge transfer (LMCT) 
band. The absence of vibrational bands assignable to bpy 
ligand vibrations is not unexpected since the oscillator 
strength of LMCT absorptions has been shown to be 
dependent on the electron donor properties of the ligands 
[19]. In the present case the electron rich triazole-thiophene 
ligand results in a much more intense LMCT absorption 
band than expected for this class of complex and hence the 
observation of vibrational bands not assignable to the bpy
ligand supports the assignment of the absorption to a 
py(z)trth-to-metal charge transfer band.
3.2. Transient resonance Raman spectroscopy
Transient resonance Raman spectra of la  and 2a in 
CD3CN, both in a deprotonated and protonated state, are 
shown in Fig. 7. The observation of strong bands at 1212 
and 1285 cm“ 1 in the spectra of la /H la  and 2a, readily 
attributable to the bpy anion radical, confirm the assignment 
of the lowest emissive state as being from a bpy-based 
3MLCT. In the case of H2a, there is a notable absence of 
these bands. On the basis of transient absorption spectra of 
the related complexes 3 and 4, the absence of excited state 
resonance in the spectrum of H2a, due to a shift in the 
excited state absorption out of resonance with the 355 nm 
excitation line may be discounted. Based on earlier transient 
Raman studies of 4 [15], it can be concluded that for H2a 
the lowest excited state is pyrazine-based. In aqueous 
solution, a similar situation is observed.
In the spectra of la  and 2a bands assigned to the 1,2,4- 
triazole based ligands are also observed, suggesting
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Fig. 4. Resonance Raman Spectra of (i) 2a (ii) 2b (iii) H2a (iv) H2b (v) II22a at 457.9 nm excitation.
Raman Shift (cm-1)
Fig. 5. resonance Raman spectra of (i) l a  (ii) 2a and (iii) H 2 a  488 nm excitation.
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Raman Shift (cm-1)
Fig. 6. Resonance Raman spectra of (a) la4" and (b) 2a4 , in basic/H20  at 785 nm.
contributions from pytrth- and pztrth-based absorptions at 
355 nm [20].
3.3. Density functional theory
In order to gain more insight into the electronic 
properties of the complexes 2a/H2a and 2b/H2b, DFT
calculations were carried using the B3LYP functional and 
the LanL2DZ basis set. For the protonated complex a 
complication arises in regard to the point of protonation, 
whether it is at N1 or N4 (Fig. 1). Previous studies on the 
relative reactivity of the uncoordinated nitrogen ligands of 
the 1,2,4-triazole ring have indicated that the N1 position is 
slightly less acidic than the N4 position. However, due to
Ram an Shift (cm-1)
Fig. 7. Transient Raman spectra of (a) H 2a, (b) 2a, (c) H la  and (d) l a  in CD3CN (AeXc 355 nm).
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the potential of introducing additional steric interactions in 
protonation at the N1 position, in the present study, the N4 
position of the 1,2,4-triazole was protonated for the DFT 
calculations of H2a/b.
After geometry optimization with an ultrafine inte­
gration grid, the molecular orbitals were described in terms 
of contributions from various groups in the molecule for 2a 
and H2a: Ru—the Ru atom, pz—the pyrazine ring, tr—the 
triazole moiety; th—the thiophene moiety; bpyl
and bpy2—the two bipyridines. These data are shown in 
Fig. S7 of the supplementary information. The isosurfaces 
for the HOMO-1, HOMO, LUMO and LUMO + 1 of 2a 
and H2a are shown in Fig. 8. In the frontier region, 
neighboring orbitals are often closely spaced. In such 
cases, consideration of only the HOMO and LUMO may 
not yield a realistic description of the frontier orbitals. For 
this reason, partial density of states (PDOS) diagrams, 
which incorporate a degree of overlap between the curves
L U M O  + 1
L U M O
Fig. 8. Isosurfaces of HOMO-1, HOMO, LUMO and LUMO +  1 orbitals for 2a (left) and H2a (right).
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Fig. 9. PDOS diagrams for 2a (top) and H2a (bottom).
convoluted from neighboring energy levels, can give a 
more representative picture of the nature of the frontier 
orbitals. The PDOS diagrams obtained are shown in Fig. 9.
DFT calculations were used to predict the Raman 
spectrum of 2a/H2a and 2b/H2b (Table 2). A systematic 
error occurs in the calculation of vibrational frequencies due 
to the consistent underestimation of bond length, for 
example, and the neglect of anharmonicity. To compensate 
a scaling factor is used. The ‘Solver’ module of Microsoft™ 
Excel™ was used to achieve the best fit of the experimental 
peaks with those obtained from the calculations. The spectra 
of the perprotio and deuterio complexes were compared, 
with the bands which were sensitive to bpy deuteration 
being assigned as bpy-based. The isotope shift observed
upon deuteriation in the calculated spectra is demonstrated 
in Fig. 10.
4. Discussion
The UV-Vis absorption and emission properties of the 
mononuclear complexes show a close comparison with those 
of the analogous complexes 3 and 4, but are slightly red 
shifted. Upon protonation for both complexes a blue shift in 
the absorption spectra is observed. For la  protonation results 
in large blue shift (~  70 nm), in agreement with observations 
on other mononuclear pyridyl-l,2,4-triazole complexes. 
For 2, protonation results, first in a very minor red shift,
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Fig. 10. Calculated Raman Spectra for H2a (upper trace) and H2b (lower 
trace).
followed by a blue shift in the emission Amax, with a 
concomitant reduction in intensity. Again the acid-base 
emission properties bear close comparison with related 
systems. The pKa values determined for both complexes are 
lower than for 3 and 4. This confirms the electron 
withdrawing nature of the thienyl group. As is typical, the 
pyrazine complex is more acidic than the analogous pyridine 
complex, due to the greater electron withdrawing nature of 
the pyrazine ring [16].
The results obtained in the present study provide a basis 
for a more detailed understanding of the nature of the 
interaction between the thienyl and ruthenium(H) -based 
components of these simple dyads. Although it is tempting to 
consider the thienyl group as an innocent part of the Hpytrth 
and Hpztrth ligands, in electronic terms such a simplification 
is not appropriate for understanding the overall properties of 
the systems. Our intention in this study was to build on the 
extensive body of data available on 1,2,4-triazole based 
systems, to explore in a fundamental way the extent to which 
different moieties in relatively simple dyads can be viewed as 
distinct groups. It is clear from examination of the properties 
of the complexes in their ground and thexi electronic states 
that the degree of interaction between the components is 
critically dependent on the electronic state (i.e. ground or 
excited) and that extrapolating conclusions based on study of 
ground state interaction to excited state systems is not always 
justified. In the present contribution, extensive resonance 
Raman spectroscopic investigations of both the ground and 
lowest excited electronic states together with computational 
analysis (DFT) are employed to help understand the excited 
state electronic structure of these systems.
For the complex containing the pyridyl-triazole moiety 
only the bpy ligands arc involved in the absorption process, 
in both of the protonation states. Pyrazine is a better 
7r-acceptor than pyridine. For 2, therefore, the tc* level is 
reduced, leading to an overlap in the triazole and bpy 
absorption bands. Protonation of the triazole leads to
a reduction of the electron density on the metal centre. 
This is reflected in an increase in the oxidation potential, 
however it does not change the overlap of bpy and Hthpztr 
in the 1MLCT state. Transient Resonance Raman studies 
agree with the results from both the DFT and excited state 
lifetime measurements. Bpy anion radical peaks observed in 
2 indicate that the excited state is localised on the bpy 
moiety while in the protonated complex no bpy radical 
peaks are observed.
For 2a, the HOMO is based on thiophene and triazole 
(Fig. 8). The LUMO is on one of the bpy ligands. The same 
information is shown in the PDOS spectrum in Fig. 9. 
In addition, the PDOS spectrum for 2a shows that the tt* 
orbital of the pyrazine ligand is at higher energy than that of 
the bpy (Fig. 9). The metal-based frontier orbitals are the 
HOMO-2 to HOMO-4 (Fig. S7).
In contrast, the HOMO of H2a has an increased 
contribution from the Ru center (Fig. 8). The location of 
the LUMO has changed from bpy to pyrazine. The PDOS 
spectrum shows the overall changes in electronic structure. 
In the protonated complex, the metal center has a large 
contribution to the first four occupied orbitals (Fig. S7). The 
PDOS spectrum of H2a is shifted to lower energy by about 
3.5 eV, compared to that of 2a. This indicates the increased 
difficulty in removing an electron from the HOMO of H2a, 
which is due to the increased charge on the complex. A 
comparison of the PDOS spectra of 2a and H2a shows that 
the tc* orbital of the pyrazine is shifted to lower energy on 
protonation, so that the LUMO is now pyrazine-based.
The main point to emphasise is the contrast in the degree 
of interaction between the metal center and the thienyl 
moiety in the ground and excited states. In the ground state, 
2a shows contributions from both the thienyl and the Ru in 
the levels H-4 to HOMO, which may be considered the 
occupied frontier orbitals. However in the excited state the 
unoccupied frontier orbitals, LUMO to LUMO+  4, show 
increased contributions from the bpy moieties but little or no 
contributions from the Ru and thienyl. A similar picture 
emerges for H2a. This suggests appreciable delocalisation 
of the HOMO and is also consistent with the proposal [2] 
that the significant interaction in the mixed valence thienyl 
bridged dimers 5 and 6 is indeed due to HOMO assisted 
supercxchange.
The absence of any contribution from the pyrazine ring 
for 2a and H2a is in agreement with the similarity of the 
spectra for la + and 2a+ at 514 nm (LMCT bands).
The calculated isosurfaces for the LUMO and LUMO +1  
have been used to approximate the location of the 3MLCT 
excited state in 2a and H2a. There are a number of 
assumptions which must be borne in mind, namely: that the 
virtual Kohn-Sham orbitals from the DFT calculations are 
equivalent to unoccupied orbitals; that the lowest energy 
transition is to the lowest unoccupied orbitals; and that the 
1MLCT is located on the same ligands as the 3MLCT state. 
In previous studies deuteration has been used to investigate 
the location of the excited state [21], If the excited state is
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Table 2
C a l c u l a t e d  a n d  e x p e r i m e n t a l  R a m a n  f r e q u e n c i e s  f o r  b p y  a n d  t r i a z o l e  
v i b r a t i o n s  i n  H2a
E x p e r i m e n t a l
b p y  ( c m - 1 )
C a l c u l a t e d  
b p y  ( c m - 1 )
E x p e r i m e n t a l  
H t h p z t r  ( c m - 1 )
C a l c u l a t e d  
H t h p z t r  ( c m - 1 )
1 6 0 8 1 6 0 6 1 5 1 7 1 5 2 6
1 5 6 1 1 5 6 3 1 4 4 0 1 4 4 9
1 4 9 2 1 4 9 2 1 3 9 4 1 4 0 8
1 3 2 0 1 3 2 8 1210 1 2 1 5
1 1 7 5 1 1 8 7 1 1 9 4 1 2 0 8
A  s c a l i n g  f a c t o r  o f  0 . 9 7 8  w a s  u s e d .
located on the ligand, which has been deuterated then the 
excited state lifetime is seen to increase. In 2a, deuteration 
of the bpy ligands leads to an increase in lifetime from 82 to 
184 ns (Table 1), indicating that the excited state is bpy- 
based. This is consistent with the location of the LUMO and 
LUMO +  1 electron density suggested by the calculations. 
For H2a, computational studies predict that the excited state 
will be based on the pyrazine-triazole ligand. As would be 
expected, deuteration of the bpy ligands in this complex has 
no effect on the excited state lifetime in this case (Table 1).
5. Conclusions
Resonance Raman spectroscopic investigations of the 
complexes in both the ground and lowest excited electronic 
states, coupled with photophysical measurements as a 
function of pH, have been employed to help understand 
the excited state electronic structure of these simple thienyl 
dyad systems. The influence of deuteriation on the emission 
lifetimes provided further evidence as to the nature of the 
lowest emissive excited state/s involved. DFT calculations 
have been used to supplement the experimental data, 
representing the first example of DFT work on Ru(II) 
monomer complexes containing the 1,2,4-triazole moiety. 
The overall pattern of results, which emerge from this joint 
theoretical/experimental approach underlines the fact that 
the degree of interaction between the components depends 
very much on the electronic state, i.e. ground or excited, 
under consideration. The results suggest that the extrapol­
ation of conclusions based solely on the study of ground 
state interaction between molecular components to the 
interaction in the corresponding excited state is not 
necessarily justifiable.
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The synthesis and characterisation of [Ru(bipy),(Ll)]2+ and the homodinuclear complexes [M(bipy)2(Ll)M(bipy)2]4+ 
(where M = Ru or Os), employing the ditopic ligand, l,4-phenylene-bis(l-pyridm-2-ylimidazo[l,5-a]pyridine) (LI), 
are reported. The complexes are identified by elemental analysis, UV/Vis, emission, resonance Raman, transient 
resonance Raman and 'II NMR spectroscopy, mass spectrometry and electrochemistry. The X-ray structure of the 
complex |Ru(bipy)2(L])(bipy)2Ru](PFfi)4 is also reported. DFT calculations, carried out to model the electronic 
properties of the compounds, are in good agreement with experiment. Minimal communication between the metal 
centres is observed. The low level of ground state electronic interaction is rationalized in terms of the poor ability of 
the phenyl spacer in facilitating superexchange interactions. Using the electronic and electrochemical data a detailed 
picture of the electronic properties of the RuRu compound is presented.
In trod u ction
The design and synthesis of polynuclear transition metal 
complexes containing electro-active and photo-active units are 
topics of continuing interest due to their potential usage as 
building blocks for supramolccular assemblies and molecular 
devices.1 Ruthenium(n) and osmium(u) polypyridine complexes 
arc playing a key role in the development of compounds capable 
of performing photo- and/or redox-triggered useful functions 
in charge separation devices for photochcmical solar energy 
conversion2 and information storage. 1'1 In particular, species 
featuring photophysical properties and redox behaviour, which 
can undergo controlled modification with external stimuli, are 
of interest.3,4 For example, reversible electrochemical switching 
of emission energy shows potential in applications such as 
electronic displays.5 The role played by the bridging ligand in 
determining intercomponent interaction is well recognised.6,7 
Since the late 1970s, ground and excited state intercomponent 
interactions in dinuclear Ru(ll) complexes containing polytopic 
bridging ligands employing imidazoles,8 triazoles,9 pyrazine,10
4,4,-bipyridy!,l] 2,2''bipyrimidine,12 tetrazine,” have received 
considerable attention. The incorporation of spacer units (i.e., 
phenylene,14 dimethoxyphenyl,54 thienyl,9= etc.) has allowed for 
further control over the degree of interaction between metal 
centres in multinuclear complexes.
In this contribution the structural, photophysical and elec­
trochemical characterisation of two symmetrical, phenylene 
bridged complexes of the form [ M ( bi py)2(L1 )M(bipy);](PF6)., 
(where M = Ru(n) or Os(ii) and LI =  1,4-phcnylene-bis(l- 
pyridin-2-ylimidazo[l,5-(/]pyridine)) are reported (sec Fig. 1). 
Selective deuteriation is employed to facilitate interpretation of
tElectronic supplementary information (ESI) available: Fig. SI: 'H  
NM R spectra of Hu and KuRu. Fig. S2: Resonance Raman spectra of 
</Riu/Ru, RuRu and OsOs. Fig. S3: Reductive and oxidative electrochem­
istry ofRu.Fig. S4: Frontier orbitals of RuRu. Table SI: 'H  NM R spectra 
of L1 and L1 in t/RurfRu. Table S2: Selected bond distances. Table S3: 
Selected bond angles. Table S4: Calculated data for the frontier orbitals 
of RuRu. See http://www.rsc.org/suppdata/dt/b4/b409189b/
‘H NMR, luminescence and resonance Raman spectra. DFT 
calculations are described for RuRu. A detailed description of 
the electronic properties of this compound is presented based 
on these calculations and the results obtained are compared 
with experimental data. Furthermore, the results obtained are 
discussed in the context of earlier studies on related complexes.
R uR u /  OsOs 
M =  Ru or Os
Fig. 1 Structure of the mononuclear and dinuclear complexes and L I .
Experimental
All reagents were of IIPLC grade or better and used as re­
ceived. Spectroscopic grade (UVASOL) solvents were employed 
for all spectroscopic measurements. </g-2 ,2'-bipyridyl (rf,-bipy) 
(Complex Solutions, Dublin, Ireland) was used as received, 
tu-[Ru(bipy)2CI5]’2Ii30 , its deutcriatcd analogue m-[Ru(d,- 
bipy);CI2J'2H20 15 and c/.t-[0s(bipy),ClJ]-2H;0 lt were prepared 
by previously reported procedures.
Syntheses
[Ru(bipy)2(Ll)](PF6)2.2H20  (Ru). LI (102 mg, 0.219 mmol) 
was heated at reflux in 300 cm3 of a 1 : 1 Et0H/H20  mixture. 
cw-[Ru(bipy)2Cl2]-2H20  (114 mg, 0.219 mmol) in 20 cm3 EtOH
This journal is © The Royal Society of Chemistry 2004 Dalton Trans., 2004, 3943-3949 | 3 9 0
was added over 90 min. After 3 h the reaction was allowed to 
cool and the volume reduced in vacuo. The solution was filtered 
to remove unreacted ligand. 10 cm3 of a saturated aqueous 
solution of ammonium hexafluorophosphate was added to the 
filtrale yielding an orange-brown precipitate, which was isolated 
by filtration, washed with 25 cm-’ of water, 25 cm3 of diethyl 
ether and air-dried. The compound was purified by column 
chromatography (silica gel, 0.05 M K N 03 acetonitrile-water 
(80/20 v/v)). The first orange band eluted, yielded the desired 
produci. The acetonilrile was removed in vacuo and an excess 
of NH.,PF* added to precipitate the product. The precipitate 
was filtered, washed with 25 cm3 cold water and 25 cm3 diethyl 
ether. Yield 95 mg (37%). Mass spectrometry: m /z  calculated 
for |Ru](PF6)l+: 1023.2. Found: 1023.3. '11 NMR spectrum 
(400 MHz, (/(-DMSO) <5 6.95 (dd. Ill), 7.24 (m, 411), 7.44 (m, 
211), 7.60 (m, 711), 7.78 (d. III), 7.82 (d, 1H), 7.88 (m, 211), 7.97 
(d. III), 8.14 (m, 7H), 8.29 (d, IH), 8.53 (m, 511), 8 .66  (d, 1H), 
8.74 (m, 3H). Elemental analysts for CjoH«NloRu,OäPiF,i: Calìe. 
C 50.04, II 3.17, N 11.68. Found C 49.45, II 3.01, N 11.19%.
|Ru(bipy)2(Ll)Ru(bipy)i](PF6)4-4H ,0 (RuRu). LI (200 mg, 
0.43 mmol) and c«-[Ru(bipy)2Cli]-2H,0 (492 mg, 0.946 mmol) 
were heated at reflux in 30 cm’ (I : I) E t0H -H 20  for 16 h. 
The solution was cooled to r.t., reduced in vacuo and filtered 
to remove unreacted ligand. 5 cm3 of a saturated aqueous 
solution of ammonium hexafluorophosphate was added to the 
filtrate to yield an orange-brown precipitate, which was filtered 
off, washed with 25 cm3 water and 25 cm3 diethyl ether. The 
compound was purified by column chromatography (as for Ru). 
The second orange band to elute yielded the desired product. 
Yield 650 mg (81%). Mass spectrometry: m / z  calculated for 
IRuRu](PF6)j+: 1727.15. Found: 1727.3. '11 NMR spectrum 
(400 MHz, i/,-DMSO)<5 6.75 (dd, 111), 6.94 (dd, III), 7.24 (m, 
811), 7.43 (m, 711), 7.60(m, I011),7.80(d, lH),7.90(d, III), 8.16 
(m, 1211), 8.40 (d, III), 8.63 (m, 6 H), 8.75 (m, 411). Elemental 
analysis for CjoIUNhRiiiO^PjFi,: Calc.: C 43,43, II 2.90, N 
10.13. Found: C 43.11, H 3.08, N  10.01%.
IRuff/rbipyMLlJRuirfB-biiiyJjKPFJ^HjO (rfRutfRu). As 
for RuRu exccpt LI (50 mg, 0.107 mmol) and c.ìv-[Ru(é/8- 
bipy)?Cl2]-2H-,0 (127 mg, 0.237 mmol) were heated at reflux 
in 20 cm3 of I : 1 EtOH-ILO. Yield 112 mg (55%). Mass 
spectrometry: m / z  calculated for [</Ru</Ru](PF6)3+: 1759.2. 
Found: 1758.3 [M+], T1 NMR spectrum (400 MHz, ¿. DMSO) 
5 7.27 (m, 3H), 7.41 (d, 2H), 7.60 (m, 2H), 8.05 (dd, 1H), 8.63 
(m, 2H). Elemental analysis for C7oH2gN,4D 32Ru20 4 P4F24: Calc.: 
C 42.73, H 2.85, N 9.97. Found C 43.21, H 2.98, N  9.51%.
[0s(bipy)i(Ll)0s(bipy),|{PF(),,-4H20  (OsOs). As for RuRu
except LI (200 mg, 0.43 mmol) and m-[0s(bipy)jCI2]-2H:.0 
(523 mg, 0.946 mmol) were heated at reflux in 20 cm’ of
I : I clhylene glycol -I IjO for 72 h. Yield 549 mg (62%), Mass 
spectromelry: m / z  calculated for tOsOs](PFo)j+ : 1907.3. Found:
1908.1 [M+], 'II NMR spectrum (400 MHz, ¿„-acetone) <5 6.81 
(dd, 211), 7.06 (dd, IH), 7.25 (m, 7H), 7.53 (m, 1311), 7.74 (d, 
110,7.94 (m. 1411), 8.26 (d, 111), 8.40 (d, 1H), 8.46 (m, 211), 8.65 
(in, 1011). Elemental analysis for CioH«Ni4Os3QJ(P,tF34: Calc.: C 
39.77, H 2.65, N 9.28. Found C 39.44,11 2.39, N 9.41%.
X-Ray crystallography
Data for RuRu were collected on a Siemens SMART 1000 CCD- 
diffractometer fitted with a molybdenum tube (Mo-Ka, X =  
0.71073 À) and a graphite monochromator. A full sphere of 
data was collected with the irradiation time of 4 s per frame. The 
structures were solved with direct methods and all non hydrogen 
atoms refined anisotropically with the SHELX-97 program17 
(refinement by Icasl-squares against /■’•). C rystal data: RtiRu: 
[Ru(bipy)j(Ll)Ru(bipy),](PF,,),„ C7J1H„F24N„P1Oi 7 Ru,; M , ~  
1959.73; monoclinic, P 2{/ c , a  =  15.0193(15), b =  24.332(3), c =  
21.810(2) A, /i =  96.956(2), V  =  7911.9 A5; D , =  1.645 Mg m 3, 
dala collection range: It —20 to 19, k  =  — 30 to 32, / =  —26 to 28;
reflections collected: 85840, reflections unique: 19449, reflections 
observed ( / > 2al): 8985, final R-values: R1 =  0.054 ( / > 2o7), 
w R2  =  0.156 (all data).
CCDC reference number 230287.
See http://www.rsc.org/suppdata/dt/b4/b409189b/ for 
crystallographic data in CIF or other electronic format.
Physical methods
'H NMR spectra were recorded on a Bruker Avance 400 
(400 MHz) instrument. The chemical shifts are relative to 
residual solvent peaks. UV/Visible spectra were recorded 
using a Shimadzu UV3100 UV-Vis-NIR spectrophotometer 
interfaced with an Elonex PC433 personal computer (Molar 
absorptivities (e) ±5%). Emission spectra were recorded on a 
Perkin-Elmer LS50-B spectrofluorimeter equipped with a red- 
sensitive Hamamatsu R928 detector, interfaced to an Elonex 
PC466 personal computer employing Perkin Elmer FL Winlab 
custom built software. Excitation and emission slit widths were
10 nm. The spectra are not corrected for photo multiplier 
response. Luminescence lifetime measurements were obiained 
using an Edinburgh Analytical Instruments Time Correlated 
Single Photon Counting apparatus." Excitation employed ihe 
337 nm N3 emission line of Ihe nanosecond flashlamp. Cyclic 
voltammetry (100 mV s_1) and DPV (step height: 50 mV, 
increment: 4 mV, pulse duration: 60 ms, sampling interval: 
20 ms, frequency: 5 Hz were carried out in acetonitrile with 
0.1 M TBABF4. A conventional three-electrode cell was used. 
A 2 mm Pt disk electrode sealed in Kel-F (purchased from CH 
Instruments) was used as the working electrode, the counter 
(auxiliary) electrode was a coiled Pi-wire, and a A g/A g1 (10 mM 
AgNOj, 0.1 M TBABFj in acetonilrile) half-cell was used as 
reference electrode. The solutions were dcoxygcnated with argon 
and a blanket of argon was maintained over the solutions during 
the experiments. Glassware used was dried in a vacuum oven 
at 80 “C overnight or flamed using a Bunsen burner prior to 
preparing solutions. The TBABF4 salt was dried in Ihe vacuum 
oven overnight al 80 “C. The clectrodcs were polished on a 
sofl polishing pad (Strucrs, OP-NAP) with an aqueous slurry 
of 0.3 micron alumina (Buehler) and sonicated for at least 
5 min in MQ-water to remove any remaining polishing material 
from the surface of the electrode. The working electrodes were 
rinsed thoroughly with acetone and dried in air before insertion 
into the cell. The reference electrode was calibrated externally 
by carrying out cyclic voltammetry (also at 100 mV s ') in 
solutions of ferrocene of similar concentration as that of the 
complexes (0.4-2 mM) in the same electrolyte at the end of 
each day of experiments. Bulk electrolysis was carried out in a 
three-compartment, ihree-electrode cell. The reference electrode 
was Ag/Ag+, the working electrode was a cylinder of Pt gauze,
1 cm x 1 cm (52 mesh) and the counter electrode used was 
a coiled Pt wire. Spectroelectrochemistry18 was carried out in 
0.1 M TEAP acetonitrile (anhydrous, Aldrich). The potential 
was controlled using a EG&G PARC Model 362 scanning 
potentiostat. A plalinum/rhodium gauze working electrode, 
Ag/Ag* reference electrode (calibrated against the Fc/Fc+ 
standard prior to each experiment) and platinum wire counter 
electrode was employed. All references arc quoted relative to 
Fc/Fc+ using ihe relevant conversion factor.1’-“  Absorption 
spectra of the species generated in the optically transparent 
thin layer elcclrode (OTTLE) cell were recorded on a Shimadzu 
3100 UV-Vis/NIR spectrophotometer (vide supra). Elemental 
analysis was carried out by the Microanalytical Laboratories at 
University College Dublin.
Ground-state resonance Raman spectra of the complexes were 
recorded at 457.9, 488 and 514 nm using an argon ion laser 
(Spectra Physics model 2050) as the excitation source.11 The 
laser power at the sample was typically 30-40 mW. The Raman 
backscatter was focused onto the entrance slit of a single stage 
spectrograph (JY Horiba HR640), which was coupled to a CCD
detector (Andor Technology DV420-OE). The spectra were run 
in quartz cuvettes and were not corrected for detector response. 
Transient resonance Raman spectra were recorded using the 
single-colour pump and probe method in which the leading 
edge of the pulse excites the molecules and the trailing edge 
probes the resultant Raman scattering.“ The cxcitation source 
was a pulsed laser (Spcctra Physics Q-switched Nd:YAG, GCR- 
3) at 354.7 nm with a typical pulse energy of approx. 3 mj 
at the sample. The Raman backscatter was focuscd onto the 
entrance slit of a double-stage spectrograph {Spcx 1870), which 
was coupled to an ICCD (Andor Technology DH501). Typically, 
spectra were collected as a summation of 6000 accumulations.
Density functional theory (DFT) calculations were carried 
out using Gaussian03.3’ Bccke’s 3-parameter hybrid functional14 
was used with the correlation functional of Lee, Yang and Parr15 
(B3LYP). The effective core potential basis set LanL2DZ26 was 
used for all atoms. Although the crystallographic structure of 
the dimer was of C, symmetry, due to the size of the system it 
was necessary to reduce the computational cost by imposing C 2 
symmetry during the geometry optimisation. The homochiral 
AA isomer was studied. The resulting electronic structure is 
not expected to differ significantly for the other stereoisomers. 
GaussSum27 was used to calculate the contributions from 
groups of atoms to each molecular orbital and to convolute 
the molecular orbital data to create a partial density of states 
(PDOS) spectrum. The contributions were calculated within the 
framework of a Mulliken population analysis. The PDOS was 
convoluted with Gaussian curves of FWHM of 0.3 eV and unit 
height.
Results and discussion
The very low solubility of LI in comparison with the mononu­
clear complex (Ru) results in the rapid formation of the binuclear 
complex once the mononuclear complex forms. To overcome 
this, Ru was prepared by slow addition of cu-[Ru(bipy)2Cl2] to a 
large volume of solvent saturated with LI, heated at reflux. RuRu 
and OsOs were prepared by direct reaction of two equivalents 
of cw-[M(bipy)2Cl2] (where M =  Ru(ll) or Os(ll)) with one 
equivalent of LI in ethanol-water and ethylene glycol-water, 
respectively.
X-Ray crystallography
The molecular structure of RuRu is shown in Fig. 2. Selected 
bond angles and lengths are listed in Tables SI and S2 (ESIt). 
RuRu co-crystallized with 1.7 molcculcs of acetone per unit 
cell and four hexafluorophosphate counter anions, (three of 
which are disordered). From the crystal structure it is clear
that LI is coordinated to Rul via the N1 and N3 atoms 
and the Ru2 atom via the N4 and N 6 atoms. The bite angle 
of the N(l)-Ru(l)-N(3) is 78.65(16)“ and N(4)-Ru(2)-N(6) is 
78.63(16)° which corresponds well with the bite angle of 77.9(1)° 
obtained by Huge cl at. for |Ru(bipy):(3-(2-hvdroxyphenyl)-5- 
(pyridin-2-yl)-1,2,4-triazole)]PF(-CH jC O C H jBite angles of 
between 79.35(16) and 78.86(17)" for bipyridinc ligands and 
Ru-N distances of 2.045(4)-2.068(4) A are also comparable to 
those found in other complexes.9'14,28 One factor contributing to 
the increased length of the Ru(IJ-N(l) and Rti(2)-N(4) bond 
lengths (2.080(4) and 2.086(4) A, respectively) is the limited 
rc-backbonding to the electron rich bridging ligand from the 
metal centre. The N! Rul-N 8 . N3-Rul-N10and N7-Rul-N9 
angles are 174.81(15), 175.85(16) and 176.44(16)°, respectively, 
while the trans angular bond angles around the Ru2 atom are 
169.22(16), 175.74(16) and 172.83(17)° for N4-Ru2-N12, N 6-  
Ru2-N14 and Nl 1-Ru2 -N 13, respectively. This deviation from 
octahedral geomcLry is due to the acute bite angles of both the 
2,2'-bipyridyl and the LI ligand. The internuclcar (Ru - Ru) 
separation is 9.06 A and the orientation of the phenyl ring of 
LI is distorted from planarity (by 61.1°) with respect to the 
imidazole rings.
'H NMR Spectroscopy
The 'H NMR spectroscopic data of all the complexes are 
given in the Experimental section (see Table S3 and Fig. SI. 
ESIt). As expected the protons of the LI ligand arc shifted 
downficld upon coordination. The symmetry of LI is retained 
upon addition of the two equivalent metal centres, which greatly 
simplifies the spectra of the homonuclear (RuRu and OsOs) 
complexes-^Deutcration of the bipy ligands allowed for the 
identification of the LI protons in the rfRiu/Ru complex.3“
Electronic and photophysical properties
The absorption spectra of Ru and RuRu are similar, differing 
only in that the molar absorptivity of the dinuclear compound 
is almost twice that of the mononuclear complex (Table 1). 
The electronic data of LI are shown in Fig. 3(c). The ligand 
shows a number of features in the visible part of the spectrum, 
with absorption maxima at 277, 330 and 372 nm. At room 
temperature an emission is observed at 455 nm. The UV/Vis 
absorption spcctra of the complexes (Fig. 3) arc reminiscent 
with those observed for related Ru(ll) and Os(n) imidazole 
and benzimidazole based complexes reported by Haga and co­
workers.8 The visible region of the spectra is dominated by 
d7i-> 7t* MLCT transitions, while (bipy) and (LI)
transitions are located at ca. 290 and 350 nm, respectively (vide 
infra). The metal-to-ligand-charge-transfer ('MLCT) bands for 
the Ru(ll) complexes are close in energy to the transition 
observed for [Ru(bipy)3]2+ and are assigned as drc-*-jtbipy* 
'MLCT, based on electrochemical and resonance Raman data 
(vide infra). In the mixed-metal complex, OsOs, absorption 
bands between 580 and 700 nm are assigned to formally spin 
forbidden d7i-> 7t* (bipy) (3MLCT) transitions. Comparison of 
the spectroscopic properties of the binuclear complexes with 
the parent [M(bipy)3]2+ (where M =  Ru or Os) indicates that 
transitions involving the bridging ligand LI are responsible for 
the absorption features at around 350 nm. The nature of this 
band is further discussed in the resonance Raman section.
All compounds arc luminescent in acctonitrilc at room 
temperature and in buiyronitrile glass at 77 K. As for the 
absorption spcctra only a modest (~15 nm) red shift in the 
emission spectrum with respccl to [M(bipy),]:i (M =  Ru or 
Os) is observed (Table 1) and, typical of 'MLCT emission, 
the emission undergoes a blue shift on cooling to 77 K." 
The luminescence lifetimes of Ru (690 ns) and RuRu (506 ns) 
in deaerated acetonitrile are comparable to the luminescence 
lifetimes of related complexes (e.g., benzimidazoles, triazoles 
etc.).H>u Deuteriation of the bipyridyl ligands leads to an increase
Dalton Trans , 2004, 3943-3949 3945
Fig. 2 X-Ray crystal structure of RuRu showing the atomic numbering 
used. The PF6" ions, acetone molecules and hydrogen atoms have been 
omitted for clarity.
Tabic 1 Photophysical and electrochemical data in CH3CN
Abs, A„„/nm (10 Ae/M  1 cm ')“
Lum. A„„/nm 298 K 
(t/n s)‘
Lum. A „,/nm  77 K 
( t / j i s ) * Oxid.'/V Red.VV
Ru 290 (7.73), 365 (3.67), 454 (1.135) 628(690) 598 0.79,1.42 irr1 -1.78, -2.01
RuRu 290 (12.97), 357 (4.62), 457 (1.95) 625(506) 602 0.79, 1.41 in* -1.76, -2.03
</Ru</Ru 625 (940) 602
OsOs 293 (13.5), 359 (4.73), 484 (1.79), 753 (39) 738 0.36, 1.41 in* -1.77, -1 .99
624 (0.72)
[Ru(bipy)5]2+* 452 620 (1000) 590 (5100) 0.88 — 1.82, —2.01, —2.26
[Os(bipy)j]2+/ 640 723(62) 940 0.45 -1.65
“ In CH3CN. * In butyronitrile.e vs. Fc/Fc+. w Ligand oxidations are sensitive to conditions. • Ref. 36./ Ref. 37.
Wavelength (nm) Wavelength /nm
Fig. 3 Absorption (left) and emission (right) spectra in acetonitrile: (a) RuRu, (b) OsOs and (d) Ru [inset: absorption and emission spectra of (c) 
LI],
in the emission lifetime of the RuRu complex from 506 to 
940 ns (185%), suggesting that the lowest emissive excited state 
is 3MLCT(bipy) in nature and not 3MLCT (LI) .33
Resonance Raman and transient Resonance Raman spectroscopy
Resonance Raman (rR) spectroscopy enables the assignment of 
the optical transitions in the visible region of the absorption 
spectrum. Using excitation wavelengths coincident with absorp­
tion bands results in resonant enhancement of vibrational modes 
of the chromophore by several orders of magnitude. This allows 
for assignment of optical transitions. The ground and excited 
state rR spectra of the LI based complexes are complicated 
by the overlap of resonant chromophores in the visible region, 
e.g. the M(dn) or Ll(jr) -> 1.1 (it*) and M(dir) —> bipy (it*) 
MLCT transitions. In the case of the Os(ti) based complexes 
the spectra are further complicated by the presence of formally 
spin forbidden 3MLCT transitions. Resonance Raman spectra 
recorded at 457.9 and 488 nm excitation for all complexes 
reveal only vibrational modes associated with M(dit)->bipy 
(n*) 'MLCT absorption bands, this conclusion is confirmed by 
isotopic shift observed for «FRurfRu, as shown in Fig. S2, ESI.f 
It would be anticipated therefore that emission is 3MLCT(bipy) 
based, an assignment supported by the observation that, upon 
deuteriation of the bipy ligands, the emission lifetime observed 
almost doubles.
Excited state (or transient) resonance Raman spectroscopy 
(TR2) proves to be an invaluable tool in confirming the nature of 
the emissive 3MLCT state. The observation of features character­
istic of bipy- * anion radical (i.e. bands at 1212 and 1285 cm-1) in 
the TR2 spcctrum at 354.67 nm excitation, indicate a bipy-based 
3MLCT excited state is present.34 However, as shown in Fig. 4 the 
presence of a strong LI based transition at 350 nm complicates
the transient rR spectrum obtained at 354.5 nm excitation, with 
LI ligand modes being observed. The presence of vibrational 
features due to LI raises the possibility that the bands at 1212 
and 1285 cm-1 are LI bands. It is in assigning vibrational 
modes that deuteriation becomes invaluable. Upon deuteriation 
the principle marker bands for bipy * (1212 and 1285 en r1) 
disappear and a feature at 1186 cm"' tentatively assigned to r/8- 
bipy * is observed (the 1334 cm ' band of ¿/,-bpy * is masked 
by LI vibrations), confirming that these bands are bipy based. 
Since the LI based 350 nm absorption is independent of the 
nature of the metal, it has been assigned as an interligand it—it* 
transition,
Fig. 4 TR2 spectra at 354.67 nm of (a) RuRu, (b) r/Rui/Ru and (c) OsOs 
in HjO-acetone (95/5 v/v) (spectra normalized to the 1521 cm-1 band).
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These results demonstrate that excitation of the complexes 
results in vibrational features which can be assigned to excited 
state bipy, and hence support the assignment of the lowest 
emitting 3 MLCT state as being bipy based.
Electrochemical properties
The oxidation and reduction potentials of Ru, RuRu and OsOs 
are presented in Table 1, differentia! pulse and cyclic voltammo- 
grams for the dinuclear complexes are shown in Fig. 5 (for Ru 
see Fig. S3, ESIt). The assignment of the oxidation processes 
observed is not straightforward due to the presence of the 
LI ligand, which undergoes irreversible oxidation. Assignment 
of the metal based redox processes is, however, possible by 
comparison with [Ru(bipy)3]2+ and [Os(bipy)3]2+. The fact that 
LI is oxidised at relatively low anodic potentials suggests that it 
is electron rich and is supported by the DFT calculations (vide 
infra). The OsOs complex displays a single oxidation wave at 
0.36 V vs. Fc/Fc+ which is 90 mV lower than that observed for 
[Os(bi]}y)J]2'’ . The stabilisation of the Os(tn) oxidation state in 
tliis compound with respect to [Os(bipy),]2! is indicative of the 
presence of a st ronger electron donating ligand (relative to bipy) 
in the inner coordination sphere of the Os ion. Similarly, for Ru 
and RuRu the metal redox potentials are 90 mV more cathodic 
than [Ru(bipy)3]2+. The two equivalent Os centres undergo simul­
taneous one electron oxidations which indicates that any metal- 
metal interactions are relatively weak. This is further supported 
by the absence of mixed valence charge transfer transitions (vide 
infra). Attempts to resolve the metal centred redox wave of 
the OsOs compound using differential pulse voltammetry were 
unsuccessful (Fig. 5). The value of n =  1.92 determined by bulk 
electrolysis carried out on the OsOs compound confirms the 
bielectronic nature of the first oxidation wave. RuRu behaves 
similarly with a single metal oxidation wave being observed at 
0.79 V and an irreversible feature at 1.42 V. The absence of 
separation between the first and second metal oxidation steps 
in the dinuclear complexes, is in agreement with other systems 
of similar internuclear separation and is due to the minimal 
electrostatic interactions observed over these distances.9'.35
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Fig. S DPV (left) and cyclic voltammograms (right) of OsOs and RuRu
vs. Fc/Fc+ with 0.1 M TBABF4 in CH3CN.
Based on the difference in formal potential of [Ru(bipy)3]2+ 
and [Os(bipy)3]2+, a potential difference of ca. 430 mV is expected 
between analogous Ru and Os metal centres. This compares 
well with the observed potential difference for the compounds 
reported of 430 mV.w,J7 The irreversible processes observed 
at more anodic potentials are attributed to oxidation of the 
bridging LI ligand. These redox processes are ill defined and 
their potential is very dependent on the conditions employed, 
with variation in the anodic potentials of up to 200 mV 
being observed. The reasons for this are at present not fully 
understood. The reduction potentials are as expected and are in 
agreement with a bipy based LUMO.
Spectroeleetro chemistry
Electrochemical studies discussed above indicate that for RuRu 
and OsOs communication between the metal centres in the
ground state is, at best, weak (comproportionation constant, 
K c ~  4) .38 To gain a better understanding of the true strength 
of the delocalisation of the SOMO in the mixed valence 
complex (M"Mm) and hence internuclear communication, the 
spectroscopic properties of mixed valence dinuclear complexes 
were investigated. For the homonuclear complexes the single 
bielectronic metal oxidation process makes generation of the 
mixed valence species more difficult. Nevertheless spectro- 
electrochemistry has proven useful in determining the degree 
of intercomponent interaction in related dinuclear systems 
exhibiting single bielectronic metal redox processes.35 A typical 
example of such spectroelectrochemical studies is shown in 
Fig. 6 for the compound RuRu. For the dinuclear complexes 
reversible spectral changes were observed at potentials below
1 V, however, bulk electrolysis at higher potentials results 
in irreversible spectral changes, which were not investigated 
further. Oxidation at 0.7 V v.v. Fc/Fc+ results in a gradual 
disappearance of the MLCT bands and a decrease in the 
intensity and red-shift in the K—>n* transition around 280 nm. 
Bleaching of the MLCT band continues at potentials higher 
than 0.7 Y vs. Fc/Fc+. At these potentials a concurrent increase 
in the intensity of band in the region 500 to 800 nm, which 
can is expected to be ligand-to-metal-charge-transfer (LMCT) 
in nature. Importantly, neither complex show any evidence for 
the presence of an intervalence band in the mixed valence state, 
indicating little or no communication between the two metal 
centres in the ground state.
Wavelength (nm)
Fig. 6 Spectroelectrochemistry of the mixed metal complex RuRu in 
MeCN with 0.1 M TEAP at intervals from (a) 0 V to (b) 0.9 V and (c) 
after re-reduction at 0 V (vs. Fc/Fc+)
DFT Calculations
The geometry optimisation of the dimer gave results in good 
agreement with the crystal structure. B3LYP has a tendency to 
overestimate the Ru-N bond length” (typically by 0.05 A for 
the Ru-Nbipi, bonds). From crystallographic data (vide supra) it 
is seen that for RuRu the Ru-Npy bond is longer than the Ru- 
Nimid bond (see Table S2. ESIt) but in the calculated structure 
the reverse is found (with the Ru-Niraid bond overestimated by 
0.07 A). The distortion from planarity of the phenyl ring with 
respect to the imidazole rings is reproduced by the calculations, 
although the dihedral angle is also overestimated by 7°. The 
calculated energies of the frontier orbitals are shown in Table S4 
(ESIt). Each molecular orbital has been broken down in terms 
of a percentage contribution from the metal centres, Ru, the 
bipyridine ligands, bipy, the central phenyl ring of the LI ligand, 
L l-p li, and a moiety comprising the pyridine and fused rings of 
the LI ligand, L l-p y . These data have been plotted in the form 
of a PDOS spectra in Fig. 1 v '
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The synthesis and photophysical properties of a series of substituted dipyridophenazine (dppz) 
ruthenium complexes of the type [(tbbpy)2Ru(dppz-R2)]2+ (where tbbpy =  4,4-ierf-butyl-2,2-bipyridine 
and dppz =  dipyrido[3,2-a:2',3'-e]phenazine and R represents substitution at the 11 and 12 position 
with: Br, phenyl, 4-ieri-butyl-phenyl and/?ara-biphenyl) are described. The ligands could be obtained in 
high yields using Suzuki-type coupling reactions, an approach which also has been successfully applied 
to the analogous dppz-Br2 ruthenium complex. All compounds are fully characterised by NMR, MS 
and UV-vis spectroscopy. The solid state structures of dppz-bi-para-biphenyl and the ruthenium 
complex [(tbbpy)2Ru(dppz-Br2)]2+ are also reported. The investigation of the free ligands reveals a 
pronounced effect of the arylic substitution on absorption and emission properties. These properties are 
mirrored in the corresponding complexes, which possess emission lifetimes of up to 900 ns. The 
resonance Raman investigation of the complex [(tbbpy)2Ru(dppz-Br2)]2+ supports the assumption that 
the excited state properties of the substituted complexes are related to the parent [(bpy)2Ru(dppz)]2+ 
compound, but that important differences may be expected based on the differences observed in the 
lowest energy absorption band.
Introduction
Ruthenium complexes with dipyrido[3,2-a:2',3'-c]-phenazine 
(dppz) are intensively investigated due to their potential as 
luminescent DNA sensors1"11 or as reversible electron carriers.12 
Both functions strongly depend on the role of thephenazine part of 
the dppz ligand as electron acceptor. In addition to this electronic 
role structural features of the ligand are equally important. For 
instance the planar geometry of the dppz ligand allows efficient 
intercalation with helical DNA which is observed with high 
equilibrium binding constants for Ru-DNA of up to 106 M \ 5 In 
view of these potential applications substantial efforts have been 
directed towards the design of new dppz-type ligand structures.13-16
To rationally design such new ligands it is helpful to consider the 
course of events following photoexcitation with visible light. For 
ruthenium dppz complexes an electron, formally originating from 
a d orbital on the ruthenium centre, is transferred to a n* orbital 
of the dppz ligand and this results in the formation of a long lived 
3MLCT state.10,17-20 A currently discussed detailed mechanism for 
the population of this 3MLCT involves initial population of the 
'MLCT localised on the bipyridine part of the dppz ligand with 
subsequent intraligand electron transfer to the phenazine based
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pyrazine moiety where the 3MLCT is finally localised. It is gener­
ally accepted that it is this state that is responsible for the unique 
photophysical properties of these complexes.21-23 The aim of this 
contribution is the preparation of novel ligands that will lead to 
metal complexes with significantly improved excited state proper­
ties, such as longer excited state lifetimes. This may be achieved by 
delocalisation of the charge in the final triplet state. One way of 
achieving this is by the introduction of phenyl-type substituents.
In this contribution we present a series of substituted dppz lig­
ands and their corresponding ruthenium polypyridyl complexes, 
see Fig. 1. The reasons for their selection is outlined above but 
we also wish to emphasise that the development of an efficient 
synthetic method for introducing substituents in the dppz frame 
using organometallic reactions is also a major point in this study.
Fig. 1 Naming of ruthenium complexes and corresponding ligands.
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To avoid solubility problems we utilised /er/-butyl substituted 
complexes since this ensures high solubility in organic solvents. 
Since it has recently been emphasised that the substitution of the 
ancillary ligands may have an influence on the entantioselectivity 
of the interaction of the complexes with DNA ,24,25 we were also 
interested in obtaining more detailed structural information on 
substituted dppz-ruthenium complexes.
The novel ligands LI to L4 have been prepared to illustrate the 
potential of the building block approach utilising organometallic 
C-C coupling reactions.
E xperim ental
Unless otherwise noted, all Pd catalyzed cross coupling reactions 
were conducted under an atmosphere of dry, deoxygenated argon 
using standard Schlenk techniques. Ru(tbbpy)2Cl2,26 phen025 
and 4,5-dibromo-ori/iophenylendiamine27 were prepared using 
literature methods. Acetonitrile was distilled from CaH2. Toluene 
was distilled from sodium benzophenone ketyl under an argon 
atmosphere prior to use. All other solvents were used as received.
Infrared spectra were recorded using a Perkin-Elmer 2000 FT- 
IR; 'H NMR spectra were recorded on a Bruker 400 MHz/200 
Mhz spectrophotometer. The mass spectra were obtained using 
a SSQ 170, Finnigan MAT at the Friedrich Schiller University 
Jena. Electrospray-Mass spectra were recorded on a Finnigan 
MAT, MAT 95 XL. The positive ES mass spectra were obtained 
with voltages of 3-4 kV applied to the electrospray needle. The 
microwave assisted reactions were carried out using the Microwave 
Laboratory Systems MLS EM-2 microwave system.
Synthesis of Br2dppz (LI)
Phendione (2 g, 9.5 mmol) and 4,5-dibromo-ori/iophenylendia- 
mine (2.534 g, 9.5 mmol) were refluxed in absolute EtOH (300 ml) 
for 8 h. The volume of the solvent was reduced to 50 ml and cooled 
in a refrigerator over night. dppzBr2 was collected by filtration. 
Yield 90%. ‘H NMR (ppm; CDC13) 7.730 phcn(2H, dd); 8.559 
H4(2H, s); 9.233 phen(2H, d(lc)); 9.529 phen(2H, d(lc));EI-MS 
m /z  =  440 (100%) matching isotopic pattern.
Typical procedure for preparation of L2 from uncoordinated 
Br2dppz (LI)
A Schlenk vessel was charged with dppzBr2 (0.250 g, 0.568 mmol) 
and the corresponding boronic acid (1.136 mmol), Pd(PPh3)4 
(0.013 g, 0.0113 mmol (1.0 mol %)) in 50 ml dry toluene and 
15 ml of oxygen free solution of 2 M aqueous Na2C 0 3. The 
suspension was refluxed under argon for three days. After cooling 
to room temperature the reaction mixture was taken up in 100 ml 
water followed by extraction with chloroform. The solvent of the 
combined organic layers was removed and the crude product dried 
under vacuum.
Column chromatography (using silica and a gradients eluent 
system starting with CHC13 and changing to CHCl3/MeOH (9 :
1). The fluorescent main band was collected and yields pure L2. 
Yield 60-80%.
L2 'H NMR (ppm; CDC13) 7.305 phenyl (10H, s); 7.808 H2- 
phen (2H, dd); 8.363 H4 (2H, s); 9.300 H3-phen (2H, d); 9.626 
Hl-phen (2H, d); MS (DEI, EI+ Q1 MS) m /z  =  434 (100%) (M+).
L3 ‘H NMR (ppm; d6-DMSO) 7.43 H7, H8, H9 (10H, m); 7.70 
H6 , H5 (8H, m); 7.91 H2(2H, dd); 8.31 H4(2H, s); 9.19 H3(2H, 
d(lc)); 9.44 H1(2H, d(lc)). MS (DEI, EI+ Q1MS) m /z  =  586 
(100%) (M+).
L4 'H NMR (ppm, CD2C12) 1.321 CH3 (tert-butyl, 18H, s); 
7.325 H6 , H5(8H, m); 7.794 H3 (2H, dd); 8.361 H4 (2H, s); 9.215 
H3 (2H, d(lc)); 9.622 HI (2H, d(lc)); MS (DEI, EI+ Q1MS) m /z  =  
546 (30%) (M+), m /z  =  531 (35%) (M+ -  CH3).
Complcxation of L1-L4
Ru(tbbpy)2Cl2 (0.1 g, 0.14 mmol) and the corresponding ligand 
(0.14 mmol) were suspended in DM 1-711,0 (80 ml/10 ml) and 
heated at reflux lor 3 h using microwave irradiation (150 W). 
The solvent was removed under reduced pressure. The complexes 
were recrystallized from an ethanol/aqueous NIT, PF6 mixture and 
further purified using chromatography using a gradient changing 
from EtOH to E t0H /H 20 /K N 0 3. Yield 80-85%. For a detailed 
assignment of the chemical shifts to the corresponding atom see 
the electronic supplementary information (ESI).t 
RuLl (ppm CD3CN) 1.347 (18H, s); 1.441 (18H, s); 7.233 (2H, 
d); 7.466 (2H, d); 7.565 (2H, d); 7.659 (2H, d); 7.888 (2H, dd); 
8.143 (2H,d); 8.476 (2H, s); 8.515 (2H, s); 8.844 (2H, s); 9.556 
(2H, d) MS (ESI, MeOH,): m / z  =  1223.2 ([M -  (PF6)]% 100%).
RuL2 (ppm CD3CN) 1.327 (18H, s); 1.434 (18H, s); 7.256 (2H, 
d(lc)); 7.353 (10H, m); 7.475 (2H, d(lc)); 7.620 (2H, d); 7.694 (2H, 
d); 7.896 (2H, dd); 8.146 (2H, d(lc)); 8.422 (2H, s); 8.512 (2H, s); 
8.551 (2H, s); 9.589 (2H, d) MS (ESI, MeOH,): m /z  =  1217.5 
([M -  (PF6)]+, 100%); m /z =  536.4 ([M -  2(PF6)]2+).
RuL3 (ppm CD3CN) 1.277 (18H, s); 1.471 (18H, s); 7.412 (10H, 
m); 7.211 (4H, d); 7.272 (4H, d); 7.348 (2H, d); 7.522 (2H, d); 7.772 
(4H, d); 7.799 (2H, dd); 7.968 (2H, s); 8.241 (2H, d); 8.571 (2H, 
s); 8.639 (2H, s); 9.175 (2H, d); MS (ESI, MeOH): m /z  =  1369.2 
([M -  (PF6)]+, 69%); m /z  =  611.9 ([M -  2(PF6)]2+, 100%).
RuL4 (ppm CD3CN) 1.312 (18H, s); 1.329 (18H, s); 1.468 (18H, 
s); 7.228 (811, m); 7.328 (211, d(lc)); 7.505 (2H, d(lc)); 7.703 (2H, 
d); 7.736 (211, d); 7.774 (211, dd); 8.031 (2H, s); 8.161 (2H, (lc)); 
8.517 (211. s); 8.566 (211, s); 9.268 (211, d(lc)) MS (ESI, MeOH): 
m / z  =  1329.0 <{M -  PF6j+, 100%), m / z  =  531 (fM -  2PFi]2+, 
20%).
Suzuki-reaction at the complex (RuLl)
RuLl(PF6)2 (0.150 g, 0.11 mmol), phenyl boronic acid (0.028 mg, 
0.23 mmol) and Pd(PPh3)4 (12 mg, 8.8 x 10 6 mol (4 mol%)) were 
suspended in 50 ml acetonitrile and 15 ml of a oxygen free solution 
of 2 M aqueous Na2C 0 3 and refluxed for 3 days. After cooling 
to rt 100 ml of water were added followed by extraction with 
dichloromethane. The organic layers were collected, the solvent 
was removed under reduced pressure and the residue was cleaned 
by column chromatography collecting the main band (using silica, 
EtOH, Et0H /H 20, K N 03). Yield 67%. Analytical data obtained 
are identical to those observed for the sample obtained from 
complexation of L2 to the ruthenium precursor.
Crystal structure determination
The intensity data for the compounds were collected on a Non­
ius Kappa CCD diffractometer, using graphite-monochromated
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Mo-K„ radiation. Data were corrected for Lorentz and polariza­
tion effects, but not for absorption effects.28,29
The structures were solved by direct methods (SHELXS30) 
and refined by full-matrix least squares techniques against Fo2 
(SHELXL-97) .31 The hydrogen atoms (without the disordered 
toluene molecules of L3) were included at calculated positions with 
fixed thermal parameters. All non-hydrogen atoms were refined 
anisotropically.31 XP (SIEMENS Analytical X-ray Instruments, 
Inc.) was used for structure representations. X-Ray suitable 
crystals of RuLl were grown from acetonitrile/hexane solutions.
Crystal data for RuLl. C54IT;iBr2F,2N,P2Ru-2 C2H)N, M , =
1450.01 g mol-1, red-brown prism, size 0.03 x 0.03 x 0.02 mm3, 
triclinic, space group P I ,  a =  12.7435(3), b =  15.0747(3), c =  
16.6350(4) A , a =  91.617(1), p  =  97.359(1), y =  98.611(1)°,
V  =  3129.9(1) A3, T  =  -9 0  °C, Z =  2, pM  =  1.539 g cm-3, 
/i(Mo-K„) =  16.6 cm-1, F(000) =  1464, 22044 reflections in 
h(—16/14), k ( —19/18), /(—21/21), measured in the range 3.91° <  
0  < 27.49°, completeness =  98.5%, 14161 independent 
reflections, R,m =  0.031, 10601 reflections with F 0 > 4a(F 0), 760 
parameters, 12 restraints, i?lob, =  0.067, iv/?20bs =  0.169, i?laU =  
0.096, w/i2,ii =  0.192, GOOF =  1.032, largest difference peak and 
hole: 2.672/—1.039 e A-3.
Crystal data for L3. C^H^NfC/H,, Mr =  677.79 g mol-1, 
colourless prism, size 0.06 x 0.06 x 0.05 mm3, triclinic, space 
group Pi, a =  11.3762(6), b =  12.7563(7), c =  13.6865(5) A, a =  
97.221(3), /? =  102.933(3), y =  110.078(2)°, V  =  1773.1(1) A3, 
T  =  -9 0  °C, Z =  2, pM  =  1.270 g cm“3, ^(Mo-K.) =  0.75 cm-1, 
F(000) =  710, 12620 reflections in h ( - 14/14), yt(—15/16), 
/(—17/17), measured in the range 2.08° < © < 27.46°, complete­
ness 0 m„ =  98.8%, 8025 independent reflections, R irit =  0.033, 4464 
reflections with F„ > 4a (F 0), 451 parameters, 0 restraints, i?lob! =  
0.089, w R \ bs =  0.243, R l M =  0.152, w R \ u =  0.293, GOOF =  
1.027, largest difference peak and hole: 0.779/—0.488 e A-3.
CCDC reference numbers 290998 and 290999.
For crystallographic data in CIF or other electronic format see 
DOI: 10.1039/b512773d
Electronic spectroscopy
UV-vis absorption spectra (accuracy ±2 nm) were recorded on 
a Varian Cary 50 Scan spectrometer interfaced with a Dell 
optiplex GXI PC using Win UV Scan Application 2.00 and 
on an Analytikjena Specord S 600 spectrometer with standard 
software based tools. Emission spectra (accuracy ±5 nm) were 
recorded at 298 K using a Perkin-Elmer LS50B luminescence 
spectrophotometer, which was equipped with a red sensitive 
Hamamatsu R298 PMT detector and interfaced with an Elonex 
PC466 employing Perkin-Elmer FI WinLab custom built software. 
Emission and excitation slit widths were 10 nm. Emission spectra 
for the ligands L2 to L4 were recorded at only 1% transmission 
due to large emission intensities. Emission spectra are uncorrected 
for photomultiplier response. 10 or 2 mm path length quartz cells 
were used for recording spectra.
Emission lifetime measurements
Luminescencc lifetime measurements were obtained using an 
Edinburgh Analytical Instruments (EAI) time-correlated single­
photon counting apparatus (TCSPC) comprised of two model 
J-yA monochromators (emission and excitation), a single pho­
ton photomultiplier detection system model 5300, and a F900 
nanosecond flashlamp (N2 filled at 1.1 atm pressure, 40 kHz or 
0.3 atm pressure, 20 kHz) interfaced with a personal computer via 
a Norland MCA card. A 410 nm cut off filter was used in emission 
to attenuate scatter of the excitation light (337 nm); luminescence 
was monitored at the Amax of the emission. Data correlation 
and manipulation was carried out using EAI F900 software 
version 6.24. Samples were deaerated for 30 min using argon 
prior to measurements followed by repeated purging to ensure 
complete oxygen exclusion. Emission lifetimes were calculated 
using a single-exponential fitting function, Levenberg-Marquardt 
algorithm with iterative deconvolution (Edinburgh instruments 
F900 software). The reduced and residual plots were used to 
judge the quality of the fits. Lifetimes are ±5%.
Resonance Raman spectroscopy
The Fourier transform off resonance FT-Raman spectrum of 
the solid complex RuLl was recorded with a Bruker IFS 120 
HR spectrometer with an integrated FRA 160 Raman module 
and liquid nitrogen cooled germanium detector. The 1064 nm 
radiation of a Nd:YAG laser was employed for excitation. The 
non-resonant Raman spectra of the solid complex [Ru(tbbpy)3]2+ 
excited at 830 nm was taken with a micro Raman setup (LabRam 
invers, Jobin-Yvon-Horiba). The spectrometer has a focal length 
of 800 mm and is equipped with 300 lines/mm grating. The applied 
laser power was about 8 mW. The scattered light was detected by 
a CCD camera operating at 220 K. An Olympus MLPlanFL 50 
objective focused the laser light on the solid samples.
The resonance Raman spectra were recorded with a conven­
tional 90°-scattering arrangement. The excitation lines at 514.5, 
488 and 458 nm provided by an argon ion laser (Spectra Physics 
Model 2085) served for resonant excitation in the range of the 
MLCT absorption band (see Fig. 7 later). To avoid the heating 
of the samples a rotating cell was utilized. No changcs in the 
absorption spectra of the complexes could be observed after 
exposure to the resonant laser light. Moreover, the spectral lines 
observed under resonant conditions were also present in the off- 
resonant spectrum of the solid complexes, which was obtained with 
excitation at 830 nm. These findings indicate that the scattering due 
to possible photoproducts was minimal. The scattered light was 
collected with a photo objective ( f  =  50 mm, 1 : 0.7) and analysed 
with a Spex 1404 double monochromator. The dispersed Raman 
stray light was detected with a Photometries model RDS 200 CCD 
Raman detector system. The concentration of the solutions was 
optimized to obtain a maximum signal-to-noise ratio and was in 
the millimolar range.
Results and discussion
Synthesis
All complexes under investigation are based on 4,4'-di-tert- 
butyl-2 ,2'-bipyridine (tbbpy) to increase the solubility of the 
ruthenium complexes in less polar organic solvents. This is 
helpful during the development of new synthetic methods which 
rely on organometallic reactions.32,33 The new ligands LI to
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L4 rely on the accessibility of 4,5-diamino-l>2-dibromobenzene 
which was conveniently prepared using literature methods27 and 
coupled to phenanthrolin-5,6-dion resulting in 11,12-dibromo- 
dipyrido[3,2-a:2',3'-cJ-pheiiazine (LI) in nearly quantitative yield. 
Both bromine functions in LI are easily substituted by aromatics 
using conventional Suzuki-reactions utilising {Pd(P(Ph)3]4} as 
catalyst yielding L2-L4 in good yields (see Fig. 2).
of the pyrazine ring and the plane of the C13-C18 aromatic ring 
in the ligand of the neighbouring complex at (1 — x , 2 — y , 1 — 
z) as can be seen in Fig. 4. This arrangement is very similar to 
11 ,12-dicyano-dppz ruthenium complexes.”
[P d]
B r  2 (H O )2b -R
L1
R : 2  3  4
Fig. 2 Synthetic route to aryl substituted dppz ligands.
The nature of the products was unambiguously identified 
using multidimensional NMR methods, MS and UV-vis/emission 
spcclroscopy. In addition the X-ray structure of L3, is shown in 
Fig. 3. The dppz frame is nearly ideally planar (deviation from 
planarity 0.038 A) whereas the two biphenyl substituents are 
twisted out of the dppz plane by 47° (C16, C17, C19, C24) and 
39° (C l7, C l6 , C31.C36).
Fig. 4 Solid-state structure of RuLI relevant bond length in A: Ru-Nl 
2.063(4), Ru-N2 2.065(4), Ru-N5 2.051(4), Ru-N6 2.052(4), Ru-N7 
2.053(4), Ru-N8 2.056(4), Brl-C15 1.880(5), Br2-C16 1.894(5); and 
angles in N l-R u-N 2 79.16(16), N5-Ru-N6 78.61(16), N7-Ru-N8 
78.17(17); additional “A” letter indicates symmetry equivalent position 
of the complex at (1 — x, 2 — y, 1 — z).
The successful transformation of the cationic ruthenium com­
plex RuLI using the Suzuki-protocol into RuL2, with 70% yield, 
illustrates the potential of organometallic coupling reactions (see 
Fig. 5) to selectively modify precursor complexes.32,33 No signifi­
cant advantages were identified when comparing the organometal­
lic coupling reactions starting from LI or RuLI. Suzuki coupling 
of the complcxed ligand opens however the route towards the 
introduction of substituents representing potential coordination 
sites, such as different pyridines, which would interfere with 
complexation if introduced into the free ligand.
2 R u L 1  <P F 6>2
Pd(PPh3)„/NaC03 
ACN/H20  80/20 
RF 3d
Fig. 3 Solid-state structure of L3.
Complexation of LI L4 to (tbbpy)2Ru2+ fragments [Ru] is 
achieved using microwave irradiation.26 The full characterisation 
of all complexes with multidimensional NMR methods, MS and 
UV-vis/emission spectroscopy is outlined in the experimental part 
and in Table 1. In addition the solid-state structure of RuLI has 
been determined and is shown in Fig. 4. In the solid state structure 
of RuLI the deviation from planarity within the Br2dppz ligand 
is 0.038 A which is negligible. That there is a significant n -n  
interaction between neighbouring Br2dppz moieties is apparent 
in the solid state with a distance of 3.54 A between the centroid
Electronic properties
All four ligands display absorption maxima around 400 nm. A 
clear influence of the peripheral substitution pattern on the shape
Fig. 5 Complex based Suzuki-reactions.
2228  I Dalton Trans., 2 00 6 , 2 2 2 5 -2 2 3 1 Th is  jo u rn a l ss €> T h e  R oya l S o c ie ty  o f  C h e m is try  2 00 6
Ab
so
rp
tio
n 
in 
DC
M 
Ab
so
rp
tio
n 
in 
A
C
N
Co
mp
lex
 
Em
iss
ion
-D
CM
 
Em
iss
ion
-A
CN
 
/U
aM
t>j
/nn
i 
x-
DC
M
-a
er
at
ed
/n
s 
x-
DC
M
-d
ea
er
at
ed
/n
s 
x-
AC
N-
ae
ra
te
d/
ns
 
x-
AC
N-
de
ae
ra
te
d/
ns
I l  I I  I
*—I O '/'l O M 't M -h M
I I
I I I
m ^  r~- on m r- o  <N r— oo on
o
Ti- \o •*$ 
Xi•SJ co
VO " *•
cTm Tf 00 r- x i -¡i x l<V-| CO w
K  oo co' ÛO
rE|
m
r-. on on rn c-1 ^  Xi '*t«5 £"•*w m 
ï ï â
OO 'sD O O O OS ;rf '*t cn \vcT rfon oo r~- M M m
cn o\ h-" i m cn oo (M CN (N I
m  ^  m
X XiV) Tf V)
B f e a b g a a s
3 j 2 3 o i « P i a i i
.9Mp(U
a'5
■a
s
scd
I
Td
s
o
Q
of the long wavelength maxima is observed. For example, LI 
features two distinct maxima at 393 nm and 374 nm (shoulder 
at 381 nm). similar to unsubstituted dppz.13 The introduction 
of aromatic substituents leads to a red shift of the absorption 
maxima and loss of the band at around 370 nm. The bathochromic 
shift is most pronounced for the bi-biphenyl substituted L3. This 
ligand shows only a single broad absorption at 408 nm. All 
three aromatically substituted ligands (L2 to L4) show relatively 
strong emission signals between 433 (L2) nm and 470 (L3) nm in 
dichloromethane, see Fig. 6, whereas LI displays only very weak 
emission at 420 nm. The largest stokes shift (>60 nm) is observed 
for the biphenyl substituted L3.
Fig. 6 Absorption and emission spectra of L2 in dichloromethane 
solution (c(L2) =  8.6 x 10~6 mol 1~‘).
The excited state lifetimes of L2-L4 have been determined. 
They range from 0.6 to 2 ns, (see Table 1). The absorption and 
emission data of LI to L4 indicate that the substitution of the dppz 
frame with aromatic moieties results in very significant changes in 
the electronic properties of the ligands. It is important at this 
stage to note that since the ligand based electronic transitions 
of the LR ligands are at least partly in the visible range of the 
spectrum and therefore in the same range as those expected for 
ruthenium polypyridyl-type MLCT the lowest energy transition in 
a corresponding complex may contain significant tc- tc* character.
All four complexes show absorption properties which are 
common for this class of ruthenium polypyridyl compounds. Their 
oxidation potential is not affected by the peripheral substitution 
at the dppz ligand and is observed at 0.82 V v.v Fc/Fc+. This 
suggests that the introduction of the substituents has no significant 
influence on the metal based ground state. The absorption spectra 
in acetonitrile are depicted in Fig. 7. The absorption spectrum of 
RuLl is very similar to the related compound [Ru(bpy)2dppz]2+ 
showing a MLCT band at 444 nm and a dppz based 
transition at shortly below 400 nm.15 Introduction of more 
extensive aromatic substituents leads to a red shift of the 71- 11* 
transition, which ultimately overlaps increasingly with the Ru-71* 
MLCT band. This results in an increase of the extinction within 
the MLCT region from 17 000 for RuLl at 444 nm to 26 000 for 
RuL3 at 414 nm.
The luminescence data for all four complexes could be obtained 
in acetonitrile and dichloromethane. A profound influence of the 
solvent on emission wavelength is evident by the ca. 20 nm red shift 
of the emission wavelength upon going from dichloromethane to 
acetonitrile. Similar solvent dependencies have been reported for 
related ruthenium-dppz complexes.37,38 The most obvious impact 
of substitution at the dppz core is observed for RuLl, which is 
non-emissive even in CaH2 dried acetonitrile, whereas relatively
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Fig. 7 Absorption spectra of RuLl to RuL4 in acetonitrile.
strong luminescence is observed in dichloromethane. A trend of 
prolonged lifetimes for the aryl substituted complexes RuL2-RuL4 
is evident with the longest lifetime of 929 ns observed for RuL4 in 
dichloromethane. The investigation of the lifetimes of the excited 
state of all complexes in both solvents reveals also a strong solvent 
dependency. All lifetimes in acetonitrile are only about 25% of the 
values obtained in dichloromethane. The lifetime of the excited 
states of RuLl in dichloromethane is comparable with literature 
values obtained for the monobromo-dppz ruthenium complex.15 
Detailed photophysical data are compiled in Table 1.
Resonance Raman of RuLl
Resonance Raman spectroscopy is an extremely capable tool to 
characterise the molecular degrees of freedom involved in the 
initial structural changes of photochemically active systems i.e. to 
characterise the Franck-Condon-Point of an electronic transition. 
The resonance condition arises when the wavelength used to excite 
the Raman scattering lies within the electronic absorption band, 
causing the vibrational modes involved in the electronic transition 
to be selectively enhanced (by a factor of 106 compared to non­
resonant excitation). Resonance Raman spectroscopy is therefore 
the method of choice for investigating the location of the initially 
formed MLCT in heteroleptic complexes where two different 
ligand sites are possible.
Fig. 8 shows the resonance Raman spectra of RuLl excited at 
three different wavelengths within the first MLCT transition. The 
vibrational modes at 1599, 1573, 1330 and 1173 cm 1 grow in 
intensity when the excitation wavelength is shifted from 514 nm at 
the red edge of the absorption band to 458 nm near the maximum 
of the lowest energy absorption feature and these modes can be 
assigned to the Ll-ligand. This is confirmed by the comparison 
between the resonance Raman spectrum of RuLl with that of 
[Ru(tbbpy)3]2+. The main modes enhanced in the resonance Raman 
spectrum of RuLl are not observed in the spectrum of the latter 
compound and must therefore be due to LI. This assignment is 
further supported by looking at the off resonance Raman spectra 
of both molecules plotted in Fig. 9. The fact that the modes 
which are enhanced most belong to the Ll-ligand leads us to 
the conclusion that exciting RuLl within the MLCT transition at 
458 nm involves mainly the Ll-ligand rather than tbppy.
Importantly, however, other modes seen in the resonance 
Raman spectrum at 1615, 1541, 1376, 1320 and 1211 cm-1 might
X =514nmi------ --------------Î----------*---------- 1----------*--------- 1
1600 1400 1200 1000
---------  Wavenumber/cm'1
Fig. 8 Resonance Raman spectra of RuLl dissolved in acetonitrile excited 
at three different wavelength (514, 488, 458 nm) lying within the first 
absorption band of RuLl(see Fig. 7). The resonance Raman band of 
[Ru(tbbpy)3]2+ dissolved in dichloromethane excited at 458 nm in resonance 
close to the maximum of the first absorption and is shown for comparison. 
For details see text.
---------- wavenumber / cm 1
Fig. 9 Off resonance Raman spectra of R uL l(lc„ = 1064 nm) and 
[Ru(tbbpy)3]2+ (!„« =  830 nm).
be due to tbbpy. The fact that possibly also tbbpy-modes may 
be enhanced suggests that Ru-to-tbbpy-type MLCT transitions 
may also contribute to the absorption envelop. This assignment 
is based on literature values from Meyer et al.39 and McGarvey 
et al.2" Theoretical calculations which are currently under way may 
help to shed more light on this issue.40
Conclusion
In conclusion we have shown that it is possible to obtain ruthenium 
polypyridyl-type complexes containing substituted dppz-type lig­
ands using Suzuki coupling reactions starting either from the 
free ligand dibromo-dppz, LI, or from its ruthenium complex 
RuLl. For the compounds reported in this contribution the 
results obtained from both synthetic approaches are very similar. 
However, the use of a metal complex rather than the free ligand 
offers significant advances when the substituents to be introduced 
either have coordinating properties or would not be stable at
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the high temperature conditions needed to prepare the metal 
compounds.
The second important observation is that the absorption spectra 
of the free ligands are very dependent on the substitution pattern. 
Importantly, with increasing aryl character the ligand centred ji- 
n* transition of the LR ligand moves to lower energy and overlaps 
considerably with the MLCT transition. This effect has two 
potentially important consequences; one relates to the application 
of the ruthenium dppz complexes as luminescent sensors, in that 
higher extinction coefficients in the visible region will result in a 
better sensor (ruthenium complex) to analyte (for instance DNA) 
ratio.
In addition this shift may affect the so called “dark state” 
of the dppz molecule.35 The importance of intraligand electron 
transfer, from the initially populated bpy 'MLCT to the phenazine 
based 3MLCT for explaining the unusual light switch mechanism 
observed for the ruthenium dppz complexes has recently been 
emphasised by Batista and Martin.36 Expansion of the aromatic 
frame as evident in L2 to L4 may be expected to influence the rate 
constants for this process and therefore lead to new insights into 
this phenomenon.
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tion and reactivity of a novel polypyridyl ruthenium complex Germany, 2004)
based on 3,5,6,8-tetrabromophenanthroline are discussed.
Signal storage at a molecular level is a great challenge for 
chemistry.1'1 The possibility of connecting different func­
tionalities selectively to one ligand of a metal complex may 
open the route towards higher integrated molecular units 
capable of processing various external stimuli in a predcsig- 
nated order. The implementation of this concept demands 
ligands with a multitude of potential connecting groups 
which can selectively be transformed.[2] 3-bromo- and 3,8- 
dibromophenanthrolines have proved useful for the prep­
aration of mononuclear!31 and multihetcronuclear com­
plexes.141 These systems have found applications ranging 
from DNA photoprobes,[51 to metalloligands in catalysis.161 
A very useful and well-established feature of these 
bromophenanthroline—ruthenium complexes is their sus­
ceptibility towards nucleophilic aromatic substitution.171
We have improved the bromination reaction of phen- 
anthroline first published by Dénes and Chira,[S| which al­
lows for the selective formation of 3,5,6,8,-tetrabromophen­
anthroline (Br4phen) in a one-step multigram reaction, Fig­
ure l .181
Br4phen readily forms a complex with [tbbpy]2RuCl2 re­
sulting in [(tbbpy)2Ru(Br4phen)]2+, 1. The structural 
characterization using two-dimensional NMR spectroscopy 
suggests that a symmetrical complex is formed as indicated 
by the presence of only two signals for the four phenanthro-
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Schiller-Universität,
07743 Jena, Germany 
E-mail: Sven.Rau@uni-jena.de
[b] Institut für Technische Chemie und Umweltchemie, Friedrich- 
Schiller-Universität,
07743 Jena, Germany 
[cI National Centre for Sensor Research, School of Chemical 
Sciences, Dublin City University,
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S  Supporting information for this article is available on the 
WWW under http://www.eurjic.org or from the author.
line-based protons. 13C, HSQC, and HMBC spectroscopy 
allows the complete assignment of all signals in the 'H- and 
13C NMR spectra, which together with mass spectroscopy 
suggests that Br4phen coordinates in a similar fashion as 
the unsubstituted phenanthroline. The X-ray crystallo- 
graphic characterization confirms this assumption, and as 
seen from Table 1 shows no significant differences com­
pared with the parent complex [(tbbpy)2Ru(phen)]2+, 2 (see 
Supporting Information). The molecular structure is de­
picted in Figure 2.
Table 1. Bond lengths (À) and angles (°)
1 2
R u-N l 2.046(5) 2.055(4)
Ru-N2 2.060(5) 2.056(5)
Ru-N3 2.064(5) 2.053(4)
Ru-N4 2.052(5) 2.055(4)
Ru-N5 2.047(5) 2.060(4)
Ru—N6 2.071(5) 2.074(4)
C2—Bri 1.891(6) —
C5—Br2 1.883(6) -
N l-R u -N 2 79.27(19) 79.9(2)
N 3-R u-N 4 78.21(19) 77.88(16)
N 5-R u-N 6 78.25(19) 78.99(16)
SOClj/Br^
H 2 0  y i e l d  5 0  %
Figure 1. Improved preparation of 3,5,6,8-tetrabromophenanthro- 
line (Br4phen)
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Figure 2. Regioselective nucleophilic substitution of 1 with NaOMe 
leading to 3; molecular structure of 1; anions and hydrogen atoms 
omitted, and the structural motif of 3 confirming the rcgiosclec* 
tive substitution
Reaction of 1 with NaOMe at room temperature in meth­
anol leads to the selective formation of one product that 
contains two bromine and two new methoxy functions, as 
confirmed by ESI-MS. The fact that the positions of all the 
bipyridine-based signals in the 'H  NMR spectra did not 
change, together with the presence of only one new signal 
at 8 = 4.15 ppm for the methoxy function, suggests the for­
mation of a symmetrical species where substitution at the 
phenanthroline moiety has taken place. The regioselective 
formation of the 5,6-dibromo-3,8-dimethoxyphenanthro- 
line ruthenium complex 3 could be confirmed by a struc­
tural motive depicted in Figure 2.
Photophysical investigation of compounds 1 to 3 suggests 
that tetrabromo substitution lowers the electron density of 
the phenanthroline ligand considerably. The absorption and 
emission wavelength of 1 are red-shifted relative to 2, see 
Table 2. This finding correlates well with the data obtained 
for the oxidation potential of RuIC/m, which clearly shows 
that the four bromine substituents significantly decrease the 
electron density at the metal center (difference of 137 mV). 
Introduction of the methoxy groups increases the electron 
density, as expected.191 The introduction of two methoxy 
groups has a pronounced influence on the photophysical 
properties, and this is in agreement with an electron-donat- 
ing substituent.
Table 2. Photophysical and electrochemical properties of complexes 
1—3 in acetonitrile
Compound E m  ox in V (vs. Fc/Fc+) ^max in nm Xem in nm
1 0.92 470 680
2 0.783 444 610
3 0.845 450 615
In conclusion, rutheniumpolypyridyl complexes based on 
the ligand Br4phen are readily obtainable. Most import­
antly a regioselective nucleophilic substitution with NaOMe 
at the 3,8-position is possible. It is evident from the conven­
tional reactivity of bromine-substituted aromatics that I 
and 3 are potentially very interesting synthons in itself, 
opening the possibility to derivatise the previously not eas­
ily accessible 5,6-position. Initial investigations on the pho­
tochemical reactivity of 3 using ion exchange HPLC suggest 
that Br2OMe2phen is very photolabile.
Experimental Section
All solvents used for spectroscopic measurements were of Uvasol 
(Merck) grade. All other reagents were of HPLC grade, cis- 
[Ru(tbbpy)2Cl2]-2H20 ,[101 was prepared by standard procedures. All 
reagents for synthesis, RuCl3‘3H20  (Chempur), 1,10-phenanthro- 
line (Aldrich) and all other materials were commercially available 
and of reagent grade.
3,5,6,8-tetrabromophcnanthroline (Br4phen): 1,10-phenanthroline 
monohydrate (4.0 g, 20 mmol) was dissolved in SOCl2 (200 mL), 
Freshly distilled Br2 (9.3 g, 120 mmol) was carefully added. This 
mixture was refluxed for 31 h and cooled to room temperature, and 
the bright yellow precipitate was filtered off (3,5,6,8,-tetrabromo- 
phenanthroline). The precipitate was washed with aqueous NH3 
until a colorless solution was obtained. The white solid was recrys­
tallized from toluene. >H NMR (CDC13): 5 = 9.16 (2 H, d), 8.91 
(2 H, d) ppm. 13C NMR (CDC13): S = 122.0, 125.1, 129.6, 139.0, 
143.6, 152.4 ppm. MS (DCI with H20): 497 [M + H+] 417 (M -  
Br + H+), 338 (M -  Br2 + H+), 257 (M+ -  Br3). Yield 5.22 g 
(52% based on phen).
Synthesis of |(tbbpy)2Ru(Br4pheii)](PF6)2 (1): 3,5,6,8-Tetrabromo- 
1,10-phenanthroline (1.15 g, 2.32 mmol) and [(tbbpy)2RuCl2] 
(1.5 g, 2.11 mmol) were refluxed in a mixture of ethanol (80 mL) 
and H20  (20 mL) for 8 hours. The crude reaction mixture was fil­
tered, washed twice with ethanol/H20  (80:20), and the combined 
filtrate was concentrated to the half volume. On addition of 
NH4PF6 and stirring at room temperature for 1 hour, the crudc 
product precipitated. Recrystallization from acetone/water gave the 
desired product. Crystals suitable for X-ray analysis were obtained 
from acetone/water. 'H NMR ([D6]DMSO): 8 = 8.997 [4,7, 2 H, s 
(lc)], 8.792 [3", 2 H, s (lc)], 8.788 [3', 2 H, s (lc)], 8.055 [2,9, 2 H, 
s (lc)], 7.599 [5", 2 H, d (lc)], 7.527 (6 ',6", 4 H, m), 7.310 [5', 2 H, 
d (lc)], 1.391 [CH3(fm-butyl), 18 H, s], 1.362 [CH3(iert-butyl), 18
H, s] ppm. MS (Micro-ESI in CHC13 + methanol); mlz (relative 
intensity) with matching isotope pattern: 1279 (100) (1 + PF6), 
1201 (34) (1 -  Br + PF6), 567 (51) (12+). Crystal data for 1: 
[C4sH52Br4N6Ru]2+-2 [PF6]- , M  = 1423.61 g mol-1, bordeaux-red 
prism, size 0.02 X 0.02 X 0.01 mm, tetragonalic, space group I4 tl 
a, a = b = 32.5281(3), c = 20.5151(4) A, V  = 21706.6(5) A3, T  = 
-9 0  °C, Z = 16, pcalcd. = 1.742 g cm-3, p (Mo-Ku) = 33.74 cm”1, 
psi-scan, trans(min): 0.5565, trans(max): 0.7367, ^(000) = 11264, 
20023 reflections in A(—42/42), k (—29/29), /(—19/26), measured in 
the range 2.66° s  ® £  27.49°, completeness 0,^,, = 99.8%, 12423 
independent reflections.
Synthesis of |(tbbpy)2Ru(phcn)](PF6)2 (2): 1,10-phenanthroline 
(0.018 g, 0.09 mmol) and [(tbbpy)2RuCl2] (0.06 g, 0.085 mmol) were 
reacted and purified according to 1. Yield 96 mg (95%). Crystals 
suitable for X-ray analysis were obtained from acetone/water. 'H 
NMR ([D3]acetonitrile): 5 = 8.613 [4,7, 2 H, s (lc)], 8.504 [3', 2 H, 
s (lc)], 8.456 [3", 2 H, s (lc)], 8.299 (5,6, 2 H, s), 8.058 [2,9, 2 H, s 
(lc)] 7.753 (3,8, 2 H, m), 7.705 (6 ', 2 H, d), 7.463 [5', 2 H, d (lc)], 
7.405 (6", 2 H, d), 7.200 [5", 2 H, d (lc)], 1.437 [CH3(«m-butyl),
18 H, s], 1.322 [CH3(teri-butyl), 18 H, s] ppm. MS FAB in nba 
mlz (relative intensity) with matching isotope pattern: 980 (22) (2 
+ PF6); 834 (15) (2). Crystal data for 2: [C48H56N6Ru]2+-2 [PF6p 2  
C3H60, M  = 1224.15 gmol-1, red-brown prism, size 0.12 X 0.10 X 0.09 mm, triclinic, space group P I, a = 12.1999(7), b =
2002 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J Inorg. Chem. 2004, 2001—2003
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13.3243(7), c =  18.989(1) A, a = 76.854(2). p = 74.819(3), y = 
78.206(3)°, V = 2866.3(3) A5, T  = -9 0  °C, Z  =  2, pcoJc<i, = 1.418 
gem “3, n (Mo-A'0) = 4.13 cm-1, psi-scan, trans(min): 0.9521, 
trans(nuix): 0.9637, f(000) 1264, 19624 reflections in l i ( - 15/15),
A(—17/14), /(—24/24), measured in the range 2.11° s  {-) s  27.44°, 
completeness ®max = 97.4%, 12753 independent reflections.
Synthesis of |(tbbpy)2Rii(OMe2lir2l>ht'n)l(l>['6)2 (3): 1 (200 tug, 
0.14 mmol), was dissolved in a solution of freshly prepared NaOMe 
(1 M’ in MoOH (100 mL). The solution was stirred for 6 h and H20  
(200 mL) was added. The pH of the solution was slowly adjusted 
to 7 by itdding dilute HO. The resulting opaque orange solution 
was extracted with CH2C12 until colorless, and the solvent was re­
moved from the combined organic phases. The precipitate was dis­
solved in a minimal amount of EtOH and concentrated aqueous 
NH.|PF(, added. The precipitate was recrystallized from acetonc/ 
water. Yield 170 mg (90%). 'H NMR QDJacetone): 5 = 8.879 [3',
2 H, s (lc)), 8.844 [3", 2 H, s (lc)], 8.174 (4,7, 2 H, s (lc)], 7.939 (6 ',
2 H, d), 7.845 [2,9, 2 H, s (lc)], 7.828 (6", 2 H, d), 7.618 [5', 2 H, 
d (lc)], 7.397 [5” , 2 H, d (lc)), 4.156 [CHj(OMe), 6 H, s], 1.428 
[CHj(im-butyl), 18 H, s], 1.367 [CHj(fm-butyl), 18 H, s] ppm . 
MS FAB in nba mlz (relative intensity) with matching isotope pat­
tern: 1181 (5) (3 + PF6); 1035 (5) (3). Crystal data for 3: 
C52H61Br2F12N 60 2P2Ru, M  = 1304.72 gmol-1, red prism, size
0.02 x  0.02 X 0.01 mm, monoclinic, space group P2,ln, a = 
13.983(3), b =  39.063(5), c = 10.4711(15) A, p = 100.945(13)°,
V = 5615.4(17) A \ T  = -153 °C, Z  = 4, = 1.543 gem’ 5,
p(Mo-A'„) = 6.22 cm -’, /'X000) = 2654, 21731 reflections in /»(—15/ 
13), ¿(—45/45), /(— 12/12), measured in the range 1.52° ^  0  s  
14.56°, completeness = 72.1%, 6903 independent reflections.
CCDC-216455 and -216456 contain the supplementary crystallo- 
graphic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or 
from the Cambridge Crystallographic Data Centre, 12 Union 
Road, Cambridge CB2 1EZ, UK; Fax: + 44-1223-336-033; E-mail: 
deposit@ccdc.cam.ac.uk).
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Metal complexes with bridging ligands containing a central 
phenazine moiety, such as tetrapyridophenazine (tpphz), have 
shown outstanding properties in photoredox systems.1'1 The 
combination of a reversible photoinduced storage of up to 4 
electrons exploiting ullnifast intraligand electron transfer steps,121 
combined with lifetimes of more than 1.3 ps 131 for the charge- 
separated stales opens the possibility to efficiently split water into 
hydrogen and oxygen.141 However, to the best of our knowledge 
no systems based on these principles which are capable of 
performing processes such as pholocatalytic hydrogen production 
have been reported. We are at present involved in a systematic 
investigation on the design of mixed metal dinuclear complexes 
capable of photoinduced catalysis. Because of the well 
documented catalytic properties of palladium complexes we are 
particularly interested in j(tbbpy)2Ru(tpphz)PdCI2|(PF(,)2 ,[Ru-Pd] 
type hetcronuclear complexes. In this contribution the synlhesis 
and photocatalylic properties of a tpphz based ruthenium- 
palladium complcx [RuPd], (see Figure I) will be described. 
Headspace OC strongly indicates that upon irradiation of the 
[RuPd] complex photoinduced hydrogen production is taking 
place. This observation is supported by spectroscopic and 
electrochemical measurements and by DFT calculations.
In contrast to the stepwise preparation of mononuclear tpphz 
complexes/ 51 we employed the direct synthesis of the 
mononuclear target complex [(tbbpy)2Ru(tpphz)](PF6)2 ,[Ru] 
utilising microwave-activated reactions.161 The heterodinuclear 
complex [RuPd] was prepared starting from [Ru] by simple ligand 
exchange reactions with (CH3CN)2PdCl2 in refluxing CH2C12. 
The nature of the products was confirmed using ]H-/I3C-NMR, 
HSQC/HMBC, and ESI-MS. Details are presented as 
Supplementary Material. Both [Ru| and [RuPd] show 
concentration-dependent 'H-NMR spectra indicative of 
aggregation in solution. The X-ray structural investigation of [Ru] 
supports this assumption with interplanar distances between 
neighbouring coplanar complexes o f 3.742 Á (Figure 1). The 
intramolecular bond angles and distances are comparable to other 
investigated ruthenium polypyridyl complexes, see Figure 1 and 
supporting information. The deviation of the tpphz ligand from 
planarity is much smaller compared to the data obtained for the 
dinuclear [RuRu] complex (0.023 Â and 0.570 À, respectively) .151
DFT calculations were carried out on corresponding Ru(II) 
model complexes with polypyridyl ligands without tert-butyl 
substituents. Both compounds [(bpy)2Ru(tpphz)]2+ ([Ru-m]) and 
[(bpy)2Ru(tpphz)PdCl2]2+ ([Ru-m-PdCl2]) were fully optimized 
on DFT level I.ra Due to the planarity of the (tpphz)PdCl2 
fragment, both model complexes belong to the same point group 
(Cf). The geometry of [Ru-m] is in a similar good agreement with
the molecular structure obtained from x-ray data. Similar results 
were obtained for the corresponding phenanthroline 
dipyridophenazine (dpphz) complex [(phen)2Ru(dpphz)]2+ (see 
Figure 1 and Supplementary Material) .181 In [Ru-PdCl2] the 
coordinated PdCl2 moiety causes only minute geometrical 
changes on the Ru(II) unit.
Figure 1. a) n-Stack association between [Ru] and schematic 
representation of [RuPd]
The photophysical data obtained for both complexes are 
depicted in Table 1. They are in agreement with literature values 
on related mono- and dinuclear tpphz complexes.191 The data 
show that the presence of the PdCl2 moiety has no major 
influence on the absorption spectra in comparison with the 
mononuclear complex, however, the emission intensity is lower 
and the lifetime of the excited state of [RuPd] is significantly 
shorter than observed for [Ru|. This is generally observed for 
dinuclear complexes of this type.111 This suggests that the Pd 
centre is able to quench the emitting state originating from 
excitation of the ruthenium polypyridyl moiety. To obtain 
information concerning the location of a photoinduced charge 
separated state EPR experiments were carried out using a suitable 
irradiation source (selective irradiation at 436 nm) and TEA as a 
reducing agent. For [Ru]‘ as well as [RuPd]' an EPR active 
species was detected which could be identified as the radical 
localised on the pyrazine ring of tpphz (hyperfine coupling 
depicted in Figure 2c). This signal is very similar to the results 
obtained by Kaim et al. in electrochemical studies of structurally 
related dpphz complexes.1101
Table 1. Photophysical characterisation of [Ru] and [RuPd].
■^raax, abs
inml
em.
[nmla
m^ax,eni
inml."
a^er
[nsl
T^TK
[us!
IRul 445 nm 642 600 154 3.8
TRuPdl 445 nm 745 640 27 2.23
(293K, CHjCN) (77K. EtOH:MeOH 4:1)
Electrochemical experiments show that the ruthenium centres 
in [Ru] and [RuPd] arc oxidised at 0.8 V vs (Fe/Fc+) indicating no 
significant ground slate interaction between both metal centres m 
the dinuclear compound. Whereas the reduction of [Ru] exhibits a 
very complex set of steps with a broad reduction feature at around 
-0.7 V [RuPd] displays a relatively simple reduction behaviour 
(Figure 2). The same broad feature as in |Ru] is visible and has 
been assigned to the pyrazine reduction.191
l-'igure 2 a) Square wave potentiomen ic oxidation (left) picture shows 
also reduction proccss of [RuPd), L;(Ru(II)/Ru(Ilt)) = 0.802 V; at SO, 100, 
200, 400, 800 Hz scanning frequency; b) Cyclic vollammogram of [RuPd] 
All p o te n tia ls  vs. (J’c/Fe') (1.052 V; 1.235 V; 1.393 V broad feature at 
around 0.6 V allocated to tpphz reduction, red circle indicating Pd 
reduction c) EPR signal for the radical anion located ai the pyrazine ring 
of tpphz
Three fully reversible steps which are most likely based on the 
bpy ligands and the bpy part of the tpphz ligand bound to the 
ruthenium centre. In addition an, even at high scan rates, 
irreversible step is observed at -0.78 V. By comparison with 
literature values for the reduction potential of Pd(II) 111 and the 
data obtained for [Ru] we assigned this feature to a Pd(II/I) 
reduction. These data yield a few important points. Firstly, 
although interaction between the Ru and Pd centres is at best 
weak in the ground state, the introduction of the Pd centre has a 
significant effect on the excited state properties of the ruthenium 
polypyridyl centre. This is an important observation since excited 
state interaction between the two metal centres is a necessary 
component from the photocatalytic point of view. Secondly, EPR 
data clearly identify the pyrazine moiety as the location of this 
excited state, this suggests that the single-occupied highest 
molecular orbital (SOMO) is tpphz-pyrazine based. Thirdly, the 
reduction potentials of the pyrazine moiety and the Pd centre are 
very similar, this opens the possibility for a photoinduced electron 
transfer process from the ruthenium to the pyrazine and 
subsequently from the pyrazine to the Pd metal.
To investigate the potential photocatalytic properties of the 
mixed metal dinuclear compound both [Ru] and [RuPd] solutions 
were irradiated at 470 nm in the presence of trielhylamine (TEA), 
which is a known reductive quencher. Reaction mixtures were 
analysed with headspacc gas chromatography (See Table 2) and 
UV/VIS spectroscopy. The UV/VIS spectra of both complexes 
change under irradiation witli the most notable band growing in at 
600 nm. Similar spectroscopic data obtained by MacDonnell et al. 
141 and others 11,51 for mono and homodinuclear complexes have 
been assigned to the presence of a reduced species. Headspace 
gas chromatography was used to investigate the composition of 
the gas phase above each solution. For the dinuclear species the 
prcsencc of hydrogen was verified and moreover the 
concentration of Hj exceeds the molarity of [RuPd] by at least a 
factor of 6 (Table 2, run 2). If no TEA is present or the solution is 
not irradiated (run 0) no H2 can be detected. The presence of 
protons can be explained by decomposition of TEA into protons 
and other photoredox products subsequent to its participation in 
the reductive quenching of the photoinduced Ru(lN) centre11'1 
Another important observation is that addition of 
tetrabutylammonium chloride as auxiliary chloride source leads to
a dramatic decrease in the amount of produced hydrogen (run 
4a/b). For the mononuclear [Ru] no production of H2 is observed
Table 2. Photocalalytic behavior of [RuPd] under various conditions
R u n C o m p l e x  
5  x  1 0 '5 
m o l/1
S o l v e n t Ct e a
[ m o l /1]
Cth a c i
[ m o l / l ]
n ( H 2) :
n ( [ R u P d ] )
t i ,
[ m i n ]
1 T R u P d l C H , C !2 0 . 0 7 0 0 1 0 5
2a T R u P d l C H i C N 0 . 1 4 0 0 . 7 5 4 5
2b r R u P d l C H 3C N 0 . 1 4 0 6 . 5 3 1 0
3 r R u P d l CH,CN 0 . 0 1 4 0 0 . 1 6 4 5
4 a I R u P d l C H , C N 0 . 1 6 0 . 1 6 0 4 5
4 b [ R u P d l CHiCN 0 1 6 0 . 1 6 0 . 0 3 8 1 5 0
5 T R u l CHiCN 0 . 1 6 0 0 4 5
The data shown in Table 2 indicate that [RuPd] is capablc of 
catalytic photoinduced hydrogen production. These data together 
with the earlier mentioned spectroscopic and electrochemical 
results suggest that this process is driven by a photoinduced 
election transfer from the ruthenium to the Pd centre. To obtain 
further evidence for such a process DFT calculations (level II17-141) 
were carried out and these proved to be extremely useful in 
identifying the nature of the photocatalytic process. They indicate 
that in agreement with the EPR data the SOMO in both [Ru-m]' 
and [Ru-m-PdCl2]' is localised on the pyrazine ring of tpphz 
(Figure 3a). Mulliken1151 and natural population1161 spin densities 
assign a major part of the radical electron to the two pyrazine 
nitrogen atoms (Table 3, rows 1 and 2).
As pointed out above, the addition of chloride ions prevents the 
formation of hydrogen. This suggests that dissociation of chloride 
may be an important component of the photocatalytic process. To 
investigate this further the dissociation energies of
(i) [Ru-m-PdCl2] -» [Ru-m-PdCl]+ + Cl"
(ii) [Ru-m-PdCy — |Ru-m-PdCl]" + Cl
were calculated. Level II [7] gives +91 kj-mol'1 for (i) and -34 
kJ-mol"1 for (ii), which states that chloride dissociation will be 
considerably facilitated after reduction of [RuPd].171 This change 
in coordination is expected to have consequences for the excited 
state behavior of the compound. Importantly the calculations 
show (See Figure 3b) that the SOMO of [Ru-PdCl]+‘ is localised 
on the palladium unit. Spin density analyses clearly confirm the 
electron shift (Table 3, row 3).
Figure 3. a) SOMO of [Ru-m-PdCl2]' b) SOMO of (Ru-m-Pdaf
Table 3. Mulliken and natural population spin densities of [Ru-m]', 
[Ru-m-PdCy, and [Ru-m-PdCI]'' (see text).
P d C l c r
[ R u - m ] " 0 . 2 7 / 0 . 2 7 0 . 2 7  /  0 . 2 7 ---------- ---------- —
[ R u - m - 0 . 2 7 / 0 . 2 7 0 . 3 0 / 0 . 2 9 - 0,00/ 0 00/ 0.00 0.00/ 0.00
P d C l 2] +' - 0.00
[ R u - m - 0.00/ 0.00 0.00 / 0.00 0 . 8 1 / 0 . 0 5  /  0 . 0 5 ----------
P d C l  |2+1 0 . 7 9
Ruthenium based tpphz type complexes have long been 
identified as potential photocatalysts. In this contribution the first 
example of such a photocatalytic system is reported. The
combined results of experimental and theoretical investigations 
suggest the photoinduced generation of hydrogen gas after 
reduction of the coordinated palladium centre by a 
photogenerated electron originating from the ruthenium centre. 
This process is only energetically possible after chloride 
dissociation. When this exchange process is prevented by 
additional chloride in solution the SOMO remains pyrazine based 
and consequently no hydrogen formation is observed. These 
results show that tpphz based complexes and similar systems have 
indeed considerable potential as photocatalysts. Moreover, the 
detailed tuning of the electronic levels of both metal centres is 
needed to allow for the necessary photoinduced electron transfer 
process to be efficient, in this respect it is quite surprising that the 
loss of a chloride anion has such a considerable effect. Further 
investigations aimed at expanding the scope of this concept are 
underway.
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The photocatalytic production of hydrogen as a result of a directional photoelectron transfer within a heterodinuclear complex 
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A bstract: The synthesis, characterization, and electrochemical, photophysical, and photochemical properties 
of the binuclear compounds [(Ru(H8-bpy)2)2((Metr)2Pz)](PF6)2 (1) and [(Ru(D8-bpy)2)2((Metr)2Pz)](PF6)2 (2), 
where bpy is 2,2'-bipyridine and H2(Metr)2Pz is the planar ligand 2,5-bis(5'-methyl-4'H-[1,2,4]triaz-3'-yl)- 
pyrazine, are reported. Electrochemical and spectro-electrochemical investigations indicate that the ground- 
state interaction between each metal center is predominantly electrostatic and in the mixed-valence form 
only a low level of ground-state delocalization is present. Resonance Raman, transient, and time-resolved 
spectroscopies enable a detailed assignment to be made of the excited-state photophysical properties of 
the complexes. Deuteriation is employed to both facilitate spectroscopic characterization and investigate 
the nature of the lowest excited states.
Introduction
Since the fust report on the paradigm pyrazine (pz)-bridged 
binuclear ruthenium(II) complex ([(NH3)5Ru)2pz]2+), by Creutz 
and Taube, 1 pyrazine-bridged multinuclear complexes have 
received considerable attention.2 Investigations have focused 
predominantly on the electrochemical and spectroelectrochemi- 
cal properties of these complexes, in particular toward the 
measurement of the degree of delocalization in the mixed- 
valence (RunRuln) species.2,3 The many structural analogues of 
the Creutz—Taube (CT) ion, involving substitution of the 
monodentate amine groups with pyridyl, bipyridyl, chloro, and/ 
or aquo groups, have provided considerable insight into the 
factors that control intemuclear interaction in the Ru(II)Ru(III) 
state.4’5 An alternative approach to the perturbation of the 
ground-state properties of the CT ion has been to modify the
t Dublin City University.(Dublin Institute of Technology.
5 Universiteit van Amsterdam. 
x Queen’s University Belfaal.
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bridging pyrazine unit by substitution in the 2,3-, 2,5-, or 2,3,5,6- 
positions.6 Many of these systems are especially suited for study 
by techniques such as electrochemistry, spectro-electrochem- 
istry,7 and infrared,8 Môssbauer,9 and UV—vis absorption
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spectroscopies. The majority of these studies have focused on 
the relative delocalization of the SOMO, in the mixed-valence 
form, over the metal centers and the mechanism for interaction 
in systems where direct overlap of the metal orbitals is not 
possible (i.e., superexchange processes mediated via either the 
HOMO or the LUMO of the bridging ligand). The results of 
these studies can be extended, albeit tentatively, as a guide to 
the level of excited-state communication between the molecular 
components in large systems in their homovalent states (i.e., 
RunRun), and while this extrapolation may give an indication 
of the level of excited-state interaction, it assumes that the 
bridging ligand provides the same contribution toward inter- 
nuclear interaction in the mixed-valence state as in the homova­
lent excited state. This assumption fails, however, when the 
LUMO of the bridging ligand provides a significant contribution 
to the lowest excited states, or the dominant mechanism for 
energy transfer is via a through-space (Forster) rather than a 
through-bond (Dexter) energy-transfer mechanism.10 It is sur­
prising then that, despite such a significant level of interest, 
the photochemical and excited-state properties of pyrazine- 
bridged complexes have received relatively liltlc attention, with 
the notable exception of the dipyridopyrazine (dpp)-based family 
of complexes.6,11
In the present contribution, the effect of the introduction of 
a pH-sensitive 1,2,4-triazole moiety on the ground- and cxcitcd- 
state properties of a pyrazine-bridged binuclear Ru(II) complex 
is examined in the synthesis and characterization of the binuclear 
complexes [(Ru(Il8-bpy)2)2((Metr)2Pz)](PF<;)2 (1) and |(Ru(Ds- 
bpy)iM(Metr)iPz)](PFs)2 (2), where bpy is 2,2'-bipyridine and 
Hj(Mcir)jPz is 2,5-bis(5'-mcthyl-47/-[ 1,2,4]tria/-3'-yl)pyrazinc 
(Figure 1). Recently, a series of ditopic ligands containing both 
pyrazine and 1,2,4-triazole moieties have been reported (Figure
2).lil The primary interest in such mixed electron acceptor/ 
electron donor ligands is in the ability to tune, independently, 
ground- and excited-state properties in multinuelear complexes.10 
In addition, the acid—base chemistry of the bridging triazole 
moiety influences strongly the properties of the complexes.Iftl2-M
Of particular interest in the present study is the effect of the 
protonation state of the nonbridging 1,2,4-triazole on the degree
( 8)  ( a )  D a l t d b n u m ,  D ,  M . ;  H a r t s h o r n ,  C .  M . ;  M e y e r ,  1’, j .  J. Am, Chem. Soc, 
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J, Chcm Soc., Dalian Tram. 1 9 9 1 ,  1 6 0 3 -  1 6 0 8 ,  ( c )  T o m a ,  I I -  E . ;  S a n t o s ,  
P ,  S .  Can. J. ClwnL 1 9 7 ? ,  55, 3 5 4 9  3 5 5 3 *  ( d )  L o n d e r g a n ,  C. 11 .; S a l s m a n .  
J ,  C \ ;  R o n c o ,  S . ;  K u b i a k ,  C .  P .  inorg. Chcm 2 0 0 3 ,  42, 9 2 6  - 9 2 8 .
( 9 )  F u r h o l z ,  B u r g i ,  11,- B . ;  W a g n e r ,  l ; . E . ;  S t e b l e r ,  A . ;  A m m e t e r ,  J .  IK ; 
K r a u s e ,  H .;  C la c k *  R  J .  H , ;  S t e a d ,  M .  J . ;  L u d i ,  A .  J, Am, Chem. Sac 1 9 8 4 ,  
106, 1 2 1 - 1 2 3 .
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Chcm. Commun, 2 0 0 3 ,  68, 1 4 6 7  1 4 8 7 .  ( b )  D i  P i e t r o ,  C . ;  Seroni, S . ;  
C a m p a g n a ,  S . ;  G a n d o l f i ,  M ,  T.-; B a l ta r d m r ,-  R . ;  F a n n i ,  S . ;  B r o w n e ,  W .  R-.: Vos J. G. htotfi. Chem 2002, 41, 2 8 7 1 - 2 8 7 8 .  ( e )  W e l d o n ,  F.; Htmuvmr- 
s t r o m ,  L . ;  M u k h ta r *  E . ;  M a g e ,  R . ;  G u n n e w e g ,  E . ;  H a n s n o o t ,  J .  O . ;  R e e d i j k ,  
J  * B r o w n e ,  W .  R . ;  O u c k i a n ,  A ,  L . ;  V o s  J ,  O .  Inorg. Omit 2 (1 0 1 , 43t 4 4 7 1  
4 4 8 1 .
( 1 1 )  ( a )  F u c h s ,  Y . '  . L o i t e r s ,  S . ;  D i e t e r ,  T . ;  S h i ,  W . ;  M o r g a n ,  R . ;  S l r e k a s ,  T .  C ;  
G a i n e y > I I .  D . ;  B a k e r ,  A .  D .  J. Am. Chem. Soc. 1 9 8 7 ,  / 09, 2 6 9 1  2 6 9 7 .  
( b )  S c o t t ,  S .  M ;  G o r d o n ,  K . C .  hiory,. Cht'm. Act«  1 9 9 7 ,  254, 2 6 7  2 7 2 .
( e )  C o o p e r ,  J .  B , ;  M t i c Q u e e n .  D  JR.; P e t e r s e n ,  J ,  D . ;  W e r t z ,  D .  W .  Inorg. 
Chem. 1 9 9 0 ,  29. 3 7 0 J - 3 7 0 5 .
( 1 2 )  ( a )  l l n g e ,  R , ;  P r i t f s ,  R . ;  H a n s n o o t ,  J. G._; R e e d i j k ,  J , ;  V o s ,  J. G .  J. Chem. 
Soc., Dahan Tram 1 9 8 7 ,  1 3 8 9 - 1 3 9 5 .  ( b )  N i c u w o n h u f c ,  N . A - ;  l l a a s n o o t ,  
J., C L ; H a g c ,  R . ;  R e e d i j k ,  J . ;  S n o c c k ,  T ,  L , ;  S i u i k c n * ,  D ,  J , ;  V o s . ,  J ,  G. 
Inorg. Chem. 1 9 9 1 ,  30, 4 8 -  5 4 .  ( e )  B u c h a n a n ,  B .  E , ;  W a n g ,  R . ;  V o s .  J .  G . ;
11 a g e ,  R . ;  H a n s n o o t ,  J .  G . ;  R e e d i j k ,  J .  Inorg. Chem. 1 9 9 0 ,  29, 3 2 6 3 - 3 2 6 5 .
( d )  B r o w n e ,  W .  R . ;  O ’ C o n n o r ,  C ,  M L; V i l i a m ,  C * ; V o s ,  J .  G ,  Inorg. Chem. 
2 0 0 1 ,  40, 5 4 6  1 5 4 6 4 .  ( c )  H a g e ,  R , ;  I h m s n o o t ,  j .  G . ;  N i e m v c n h u i s ,  i t .  A . ;  
R e e d i j k ,  J . ;  d e  R i d d e r ,  D= J. A , ;  V o s ,  J. G . ./ .  Am. Chem. Soc. 1 9 9 0 ,  112,  
9 2 4 5 - 9 2 5 4 .  (0 d e  W o l f .  J .  M . ;  H a g c ,  R . ;  I l a a s n o o t ,  J. G . ;  R e e d i j k ,  J . ;  
V o s ,  J  C L  New J. Chem. 1 9 9 1 ,  15, 5 0 1 =  5 0 7 .  ( g )  H u g e ,  R . ;  D t j k h u i s ,  A .  
I I ,  j , ;  H a o s n o o l ,  J .  G . ;  P i r n s ,  R . ;  R e e d i j k ,  J . ;  B u c h a n a n  B .  E , ;  V o s ,  J .  G .
Inorg. Chem. 1 9 8 8 ,  27, 2 1 8 5  2 1 8 9 .
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Figure 1. Structure of the ligand H2(Metr)2pz and complex 1,
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Ru(bpy), NC.'^.N  ^
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Figure 2. Structure of some of the complexes discussed in the text.
of intemuclear communication and on photophysical properties. 
Extensive resonance Raman spectroscopic investigations of both 
the ground and lowest excited electronic states, together with 
computational analysis (DFT), enable a detailed model of the 
excited-state electronic structure to be developed. The results 
obtained are compared with those reported for related ligand 
systems, e.g., Hbpzt15 and H2bisztr,10b where Hbpzt is 2-(3- 
pyrazin-2-yl-l//-l,2,4-triazol-5-yl)pyrazine andH2bispztr is 5,5'- 
dipyrazin-2-yl-l//)177-3,3'-bi-l,2,4-lriazole (Figure 2). A de-
(13) (a) Barigclclti, I*.; Dc Cola, L.; V.; Huge, (t.; Uaisitnoi, J. G.;Redijk. J.; Vos. J. Ci. Inaix Chcm. 1989.2S, 4344-4350. (h) van Diemen. J. IT.; tinge, It.; Ilaasnoot. J, G.; I.cmpers, 1!, Ii. I).; i’ccilik J.; Vos, J G.; dc Cola, KarigelDtli, I., I {a I/.I til, V. Inorg. Cliem. I9Z, 31, 351H 352. (c) liuigcllclti, p.; I)c Cola, I.; Balzani, V.; Hagc, R.; Ilaasnoot, J. G,: Reedijk, J.: Vos, J, G, Inara. Chan. 191. 30, M\ 645. (d) Pasiniti. P.; Browne, W. R.; Lynch. P- C.; Hughes. I).; Nicuwcnhuyzcu, MJames, P.; Maestri, M.; Vos, J. G. J. Chew Soc, Dallon Tram 202, 1740- 1476. (c) lagc. R. I.cmpets, H. Ii.!!.; Hnusnat, J. G.; Redijk. J.; Weldon. I:. M.; Vos, J. G. Inorg. Chem 197, -ti, 3139 -3145.(14) (a) Coates, G, G.; Kcycs, T. E.; Hughes. I. P.; Jayawcera. P. M.; MeGarvcy, J. J.: Vos, i. Ci. J. Phys. Chan. A 198, 102, 5013 5018. fb) Huge, U ; laasuoat, J. <i; Stufkcns, 1>. J.; Snock, T. L.; Vos, J. (I.; Reedijk. J. Inorg. Chcm 1989, 23, 1413- 1414. (c) Keyes, T. E.; O’Connor, C. M ; O’Owycr, U.; Contes, C. G.; Calaghan, P.; Mciarvey, J. J.; Vos, J. G.,/ Phys-. Chcm. A 199, 103, 8915 8920.(15) Hagc, R.; Ilaasnoot. J. G.; Rec<lijk, J.; Wang, R.; Vos, J. Ci. Inorg Cliein. 191, 30, 3263-3269.
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tailed picture o f the excited-state electronic structure is described, 
and the influence o f energy states lying higher than the lowest 
emissive state is discussed.
Experimental Section
Materials. All solvents employed were of HPLC grade or better 
and used as received. For all spectroscopic measurements, Uvasol 
(Meri:k)-grade solvents were employed. All reagents employed in 
synthelic procedures were of reagent grade or belter. 2,2'-Hipyridine 
(Aldricli) and [c&^RuflP^-bpyJiClj^HjO (Complex-Solulions, Dub­
lin, Ireland) were used as received. (■M-[ku(b]>y)jClj]'2HjO,1'’ pyrazitie-
2.5-dicariMHiitrile,17 and telraclhylaminoniimi perchlorate (TEA.P)1* were 
prepared by previously reported procedures. The synthesis of the ligand,
2.5-bis(5'-methyl-47/-[l,2,4]triaz-3'-yl)pyrazme {H2(Metr)2pz}, was 
carried out according to literature methods.12 'H NMR in DMSO-ifc 
<5 9.41 (2H, s), 2.79 (6H, s). Preparation of the dinuclear complexes 
was by direct reaction of the ligand with 2 equiv of cis-[Ru(bpy)2Cl2] 
or cii-[Ru([Dg]-bpy)2Cl2], with purification by column chromatography 
on neutral alumina. Both complexes gave satisfactory mass spectra, 
which showed isotopic patterns in agreement with calculated spectra. 
Detailed synthetic procedures are available as Supporting Information.
[(Ru(bpy)2)2((Metr)2Pz)l(PF6)2-3H20 (1). This compound was 
recrystallized from neutral solution, and therefore the triazole units are 
deprotonated. ‘H NMR spectroscopy (in CDîCN/NaOD): (S 8.52 (m, 
3H), 8.44 (m, 511), 8.175 (d, 1H), 8.12 (m, 4H), 8.05 (d, 111), 7.99 (m, 
6H), 7.89 (d, 1H), 7.75 (d, 1H), 7.68 (d, 1H), 7.64 (m, 2H), 7.51 (m, 
5H), 7.35 (m, 3H), 7.175 (dd, 1H), 2.18 (s, methyl, 3H), 2.175 (s, 
methyl, 3H). Mass spectroscopy: Mol2+ (ealed for C5oH4oN>6Ru2, 534) 
found, 534 m/z. Elemental analysis (ealed for CsoH4oNi6RuP2Fi2* 
3H20): C 42.64 (42.55), H 2.75 (3.05), N 15.64 (15.89).
[(Ru([D8]-bpy)2)2(H2(Metr)2P2)](PF6)4 (2). This compound was 
obtained from acidic solution, and therefore the triazole groups are 
protonated. ‘H NMR spectroscopy (in CD3CN/NaOD): ô 7.98 (s, 1H), 
7.92 (s, 1H), 2.18 (s, methyl, 3H), 2.175 (s, methyl, 3H). Mass 
spectroscopy: Mol2+ (ealed for CsoD32HgNiôRuj, 550) found, 550 m/z. 
Elemental analysis (ealed for C50H 10D32N 16RUP4F24): C 36.10 (35.71), 
H 2.38 (2.5), N 13.00 (13.33).
Physical Measurements. ’H NMR, UV—vis, emission and mass 
spectra, luminescence lifetime, electrochemical and spectro-electro- 
chemical measurements,1211 transient differential absorption spectros­
copy,19 resonance Raman, and transient and time-resolved resonance 
Raman (TR2 and TR3)14c'20 were carried out as reported elsewhere and 
are described in detail in the Supporting Information. Photolysis 
experiments were carried out at room temperature in acetoniteile using 
visible light with a 400-W tungsten filament light source. Elemental 
analysis was carried out at the Micro-analytical Laboratory at University 
College Dublin.
Density Functional Theory Calculations. Density functional 
calculations were carried out with Gaussian 03W21 using Becke’s three- 
parameter hybrid functional22 with (he LYP correlation functional’’ 
(B3LYP). The LanL2DZ basis sel was used. This uses (he Dunning— 
Huzinaga double-Ç basis functions2'  (DZ) for carbon, nitrogen, and 
hydrogen atoms, the Los Alamos effective core potential for the Ru
( 1 6 ) S u l l i v a n ,  B .  P . ;  S a l m o n ,  D. J.; M e y e r ,  T .  J .  Inorg. Chem. 1978, 17, 3 3 3 4 — 3341.(17) Sucnaga, Y.; Kainiyn, T.; Kuroda-Sowa, T.; Maekawa, M.; Multatala, M. Inorg. (-'It¡m. Acia 7.00, 308, 17—21,(18) Wang, lï.; Vos, J. G.; SchmchI, li. II.; linge. R. J Am. Chan, Sac. 192. IN, 1964-1970.(19) (n) K lever Indu, C. J.; Stilkens, I). J.; Clark, I. P.; George, M. W.; Turner, J. J.: Maritilo, D. M.; van Wiligen, H.; VlCek, A. Jr../. Am. Chem Soc. I'm, 12(1, 10871 10879. (li) Slalilnm, M,; Peter Heiser, P.; Hartl, K.; Kleverlaan, C. J.; Luisa Oc Cola, L. ,1. Phvs. Clwm. A 2002, 106, 9242 9250.
( 2 0 ) (a) Cosies, C, G . ;  JitC(|Uel, L . ;  M c G a r v c y ,  J. J.; Bel, S. E, J.; Al-Obaidi,A. H. u : Kely, J. M../. Am Chem. Soc. 1997,119,7130 7136. (b) Coates,C. G . ;  Olofsoi, J.; Coleti, M . ;  M c G a r v e y ,  J .  J.; Önfclt, H.; Lincoln, P.; Norden, B.; Tuitc, É.; Matuusek, P . ;  P a r k e r ,  A. W. J. Phys. Chem H 201,105, 1 2 6 5 3 - 1 2 6 6 4 .
core electrons, and DZ functions for the Ru valence electrons.25 An 
ultrafine integration grid was used. The structures of the heterochiral 
isomers of 1 and H jl were constrained to C, symmetry during the 
geometry optimization. The energies and intensities of the 35 lowest 
energy singlet-singlet electronic transitions were calculated ni the 
optimized geometry using TD-DFT. GaussSum 0.8K was used lo 
calculate group contributions lo the molecular orbitals, to prepare the 
partial density of states (PDOS) spectra, to convolute (he calculated 
UV—vis spectrum, and to prepare the electron density difference maps 
(EDDMs). The contribution of a group to a molecular orbital was 
calculated within the framework of Mulliken population analysis. The 
PDOS spectra were created by convoluting the molecular orbital 
information with Gaussian curves of unit height and fwhm of 0.3 eV. 
The UV—vis spectrum was convoluted with Gaussian curves of fwhm 
of 3000 cm-1.
Results
1H  N M R  Spectroscopy. 1H  N M R  data are given in the 
Experim ental Section and in the Supporting Information, Figure 
S I. For 1, two m ethyl resonances at 2.175 and 2.18 ppm and a 
total o f  34 aromatic resonances are observed, while for the [Ds]- 
bpy analogue 2 only the resonances due to the m ethyl groups 
and pyrazine ring are observed, as expected. The observation 
o f  two m ethyl and two pyrazine singlet resonances is explained 
by the presence o f two diastereoisom eric forms for both 
compounds (i.e., A A /A A  and A A ) and confirms that the 
coordination m ode o f each o f the 1,2,4-triazole rings is the same 
(i.e., N2N2 or N 4N 4 and not N2N 4, see Figure 1).12d-27
The incorporation o f a  m ethyl substituent in the C5 position 
o f the 1,2,4-triazole ring is know n to inhibit coordination via 
the N4 o f  the 1,2,4-triazole ring, resulting in almost exclusive 
form ation o f  the N 2-bound isom er (> 9 0 % ).123,13,28 The m ethyl 
'H  N M R  resonance o f the 1,2,4-triazole ring is particularly 
sensitive to the coordination m ode o f  the ring. In the related 
m ononuclear complexes, [Ru(LL)2(5-M epztr)]+ (where LL =  
bpy, phen, or dmbpy, Figure 2),28 a resonance at 2.15—2.35 
ppm  is indicative o f  N2 coordination, wiiile for N4 coordination 
an upfield shift in  the m ethyl resonance to 1.1 —1.3 ppm  is 
observed, due to through-space interaction with a  neighboring 
polypyridyl ligand. The m ethyl resonance observed at 2.18 ppm  
for the compounds reported in this contribution, therefore, 
confirms the N2N2 coordination m ode to the 1,2,4-triazole rings.
(21) Frisch, M. J.; Trucks, G. W.; Schlegel, 1 B.; Scuseria, G. E.; Rob, M. A.; Cliecnenian, J. R.; Mmilgomery, J .  A., J r . :  Vrevcn, T.; Kndin, K. N.;1 urani. J. C.; Milium, J. M.; Iyengar, S. S.; Tornasi, J.; Barone, V.; Mcnnucci, I).; Cossi, M.; Senlmani, G.; Rcga, N.; Pctcrson, G. A.; N'afcaisuji, H.; Ilada, M.; lihira, M.; Toyota, K.; Fukuda, li.; lasegiuvo, j, Isliuij, M.; Nakajima. T ; Honda, Y.; Kitno, O.; Nakni, I.; Klein:, M.; Li. X.; Kuos, J. E.; ltnlehiun. II. P.; Cros, J .  Ü.: Adamo, C.; Jarnmilo, J.; Gompeis, R.; Stratmoim, R. K.; Yazyev, C.; Austin, A J.; Camini. R.; Pomeli, C.; Ochterski. J. W.; Ayala, P. Y.; Momklima. K.; Voli, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. Ci.; Dapprieh, S.; Daniels,A. D.; Strain, M. C.; Parkas, O.; Mnlick, D. K; Rabuek, A. D.; Ragliavtieliari, K.; Forcsmn, J .  B-i Orti/. J. V.; Cui, Q. . Ilabotl, A G.; Cliford. S.; C'ioslowski, J.; Stclinov. B. H.; Liu, G.; I.iushcnko, A.; Piskorz, P.; Komaromi, I.; Marlin, R. I..; Fox, D. J.; Keith, T. Al-Laham, M. A.; Peng, C. Y ; Nanayaknvti, A.; Cluilncomhe, M.; Gil, P. M W.; Johnson,B.; Chen, W.; Wong. M W.; Gonzalez, C.; Pople, J. A. Gaussian 03, Revision B.04; Gaussian, Inc.: Pitsburgh PA, 203.(22) Hecke, A. IX J. Chem. Phys. 193, VS, 5648-5652.(23) Le, C.; Yang, W.; Pair, R. Ci. Phys. Rev. H 198K, 37, 785 789.(24) Duning, T. II., Jr.; Hay, P. A. In Modern Theoretical Chemistry, Schaefer, II. F., UI, Ed.; Plenum: New York, 197; Vol. 3, p I.(25) (a) May. P. J . ;  Wadi, W. R. J. Chan. Phys. 1985, 82, 270 3*3. (b) Wadi. W, R.; liny, P. J. J. Chem Phvs. 1985, 82,284 -298. (c) Hay, P J.; Wadi, W. R. J. Chem. Phys. 1985, 82, 299-310.(26) O’Boylo, N. M.; Vos. J. G. GaussSum 0.8; Dublin City Univeisily, 203,(27) Raialik, S., Dag. P.; Flürkc, U.; Nag, K. Inorg. Chini. Aria 204, 357, 699-706.(28) Ryan, E. M.; Wang, R.; Vos J. G.; Hagc, R.; Haasnoot, .1. G. Inorg. Chim.Acta 193, 208, 49-58.
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Redox, Electronic, Photochemical, and Acid—Base Prop­
erties. Reversible metal-based oxidation processes are observed 
at 0.875 and 1.05 V (vs SCE, Figure 3) for 1 and at 1.28 and 
1.45 V for H2I. The first oxidation process occurs at potentials 
comparable with those observed for related 1,2,4- Lriazole-based 
complexes but at a considerably higher potential than observed 
for the Creutz—Taube ion (sec Table I). For 1, four reversible 
reduction processes are observed between —1.0 and —2.0 V. 
Due to the electron-deficient nature of the pyrazine ring, the 
first reduction process is expected to be pyrazine-based, followed 
by bpy-based reductions. 110
The separation of the first and second oxidation processes 
facilitates the preparation of the mixed-valence and fully oxi­
dized complexes by bulk electrolysis, and although the complex 
becomes unstable in the II/III and III/III oxidation states,6c’29 
useful information may still be obtained using this technique. 
For H2I only a very weak band is observed at ~850 nm upon 
oxidation at 1.0 V. Oxidation at a potential above the second 
oxidation wave results in a depletion of this feature, which 
suggests that it is an intervalencc (IT) band. For I, evidence 
for the presence of an IT band (between 400 and 2500 nm) 
was not obtained by either spectroeiectrocSiemistry or chemical 
oxidation.
The absorption spectrum of 1 shows strong absorption 
features at ~550 and ~450 nm (Figure 4), which are assigned 
to metal-to-ligand-charge-transfer transitions ([MLCT). An 
equally intense absorption feature at ~350 nm (vide infra) and 
a very intense absorption band at ~280 nm are assigned as
( 2 9 )  A d e y e m i ,  S .  A . ;  B r a d d o e k ,  J .  N . ;  B r o w n ,  G .  M . ;  F e r g u s o n  J .  A . ;  M i l l e r ,  JF, 
J . ;  M e y e r ,  T .  J .  J. Am, Chem, Soc. 1 9 7 2 ,  94, 3 0 0 — 3 0 1 .
intraligand (jr—n *) transitions (Table l ) .30 Figure 4 shows that 
there are two different protonation steps, indicating significant 
interaction between the two triazole rings, and as a result the 
formation of the singly protonated HI is observed at intermedi­
ate pH values. Protonation results in a red shift of the lowest 
absorption band from 530 to 565 nm, while the higher energy 
band undergoes a blue shift from 467 to 424 nm. The intraligand 
(jt—jt*) transition at ~280 nm undergoes only a relatively minor 
blue shift on protonation; however, the absorption band at ca. 
350 nm is more strongly blue-shifted. The pifa values for the 
two protonation steps are p^ai =  2.7 and pK& =  4.7 ± 0 .1 .
The absorption and the emission spectra of 1/H21 exhibit 
solvatochromic behavior. Interestingly, the effects of solvent 
on each of the absorption bands are different. For both 1 and 
H2I, the lowest energy band undergoes a red shift with 
increasing solvent polarity, while the bands at ca. 450 and 350 
nm are blue-shifted. Both 1 and H2I are emissive at room 
temperature and at 77 K (Table 1), and although the emission 
spectra are unaffected by deuteriation of the bpy ligands, 
deuteriation has a noticeable effect on the emission lifetime of 
the complexes (Table 1). At 298 K, deuteriation results in an 
increase in emission lifetime of ca. 17%, while at 77 K, the 
effect is more pronounced, with an increase in emission lifetime 
of 30%. Upon protonation of 1 to form HI and subsequently 
to form H21, the emission spectrum of the complex undergoes 
a red shift from 748 nm to >800 nm (in CH3CN),31 and the 
decrease in emission lifetime is observed for II2I compared to
1 , in agreement with the energy gap law.32
The photochemical stability of 1 and H21 was examined in 
H2O, methanol, ethanol, acetone, acetonitrile, THF, DMF, 
DMSO, and dichloromethane by monitoring changcs in their 
UV—vis absorption and emission spectra during photolysis.33 
Surprisingly, for H21 no evidence for photodecomposition was 
observed after extended photolysis (4 h) in any of the solvent 
systems examined. Similarly, 1 was found to be photostable in 
protic solvents and in most aprotic solvents. However, in 
acetonitrile and DMSO, 1 was found to be photochemically 
unstable, with changes (a collapse of the absorption at 550 nm 
and modification of the absorption at ~350 nm; see Supporting 
Information, Figure S2) observed over several minutes of 
irradiation.
Resonance Raman Spectroscopy.34 Ground-state resonance 
Raman (rR) spectra were obtained for I/H2I at Aex =  457.9, 
488, 514.5, and 532 nm. Assignment of the spectra is facilitated 
greatly by the availability of the deuterated analogue 2/H22 . 
Figure 5 shows the excitation wavelength dependence of the 
rR spectra between 457.9 and 532 nm for 1 in basic aqueous 
solution. At all wavelengths examined, features are observed 
at 1603, 1508, 1477, 1401, 1283, 1244, and 1165 cnT1. These
( 3 0 )  Milkcvitch, M.; Brauns, E„; Brewer, K, J. Inorg, Chem. 1 9 9 6 ,  35 , 17 3 7 — 
1 7 3 9 .
( 3 1 )  B e t w e e n  K 0 0  n n d  8 5 1 ) n m  t h e  d e t e c t o r  r e s p o n s e  d r o p s  o f f ,  a n d  h e n c e  t h e  
i r u c  1« , «  o f  e m i s s i o n  < 8 0 0  n m  i s  n o t  d e t e r m i n a b l e .(32) Kober, 1. M.; Caspar, J. V.; Lumpkin R. S.; Meyer, T. J,./ Phys. Chcm. 1986, 90. 3722-3734.
( 3 3 )  E x a m i n a t i o n  o f  t h e  p h o t o c h e m i s t r y  o f  t h e  m o n o p r o t o n n t e d  c o m p l e x  w a s  
n o t  a t t e m p t e d  d u e  to  t h e  s m a l l  s e p a r a t i o n  b e t w e e n  t h e  f i r s t  ; u id  s e c o n d  
p r o t o n a t i o n  s t o p s ,  w h i c h  m i g h t  h a v e  r e s u l t e d  in  t h e  p h o t o c h e m i s t r y  o f  a n y  
o f  t h r e e  p r o t o n n t i o n  s t a t e s  b e i n g  o b s e r v e d  i n  t h i s  p H  r e g i o n .(34) Strommon. P. P.; Nakamoto, K. J. Chcm, Eiiuc. 197, 54, 474 478.
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Table 1. Redox and Spectroscopic Data for I/H2I and 2/H22 and Related Complexes in CH3CN (Protonation with CF3CO2H)
absorption .Wnm (log <0
emision /„Wnmr/ns tlfis at 298 K at 7 Ka M(l)/M(ll) EyiN vs SCE ligand red. EWN vs SCE energy of IT band/ cm-1 (e) ref
1 2 4 1  ( 4 . 5 6 ) ,  2 9 0  ( 4 . 8 9 ) ,  
4 6 7  ( 4 . 2 2 ) ,  5 3 0  ( 4 . 3 8 )
7 4 8  ( 1 9 1 ) 6 9 7  ( 2 . 3 2 ) 0 . 8 7 5  [ 1 ] ,  1 . 0 5  [ 1 ] - 1 . 1 8  [ 1 ] , - 1 . 5 8  [ 2 ] ,  
- 1 . 8 0  [ 1 ] ,  - 1 . 9 1  [ 1 ]
1 1  7 6 0  ( <  1 0 0 )
H 2 1 2 8 2  ( 4 . 8 8 ) ,  4 2 4  ( 4 . 2 1 ) ,  
5 6 5  ( 4 . 3 4 )
7 8 0  ( 1 2 4 ) 7 5 6  ( 1 . 6 5 ) 1 . 2 8  [ 1 ] ,  1 .4 5  [ 1 ]
2 2 4 1 ( 4 . 6 4 ) ,  2 9 0 ( 4 . 9 8 )  
4 6 7  ( 4 . 2 5 ) ,  5 3 0  ( 4 . 3 5 )
7 4 9  ( 2 2 0 ) 7 0 0 ( 3 . 1 5 ) 0 . 8 7 5  [ 1 ] ,  1 . 0 5  [ 1 ] - 1 . 1 8  [ 1 ] ,  - 1 . 5 8  [ 2 ]  
- 1 . 8 0  [ 1 ] , - 1 . 9 1  [ 1 ]
H 22 2 8 2  ( 4 . 8 0 ) ,  4 2 4  ( 4 . 2 4 )  
5 6 5  ( 4 . 3 3 )
7 7 9 ( 1 4 2 ) 7 5 0  ( 2 . 2 3 ) 1 . 2 8  [ 1 ] ,  1 . 4 5  [ 1 ]
[ ( b p y ) 2C l R u 2( p y r a z i n e ]2 2 9 2  ( 4 . 9 6 ) ,  3 3 9  ( 4 . 0 8 ) ,  
4 9 7 ,  5 1 3  ( 4 . 4 1 )
0 . 8 9  [ 1 ] ,  1 . 0 2  [ 1 ] 7 6 9 0  ( 4 5 5 ) 5 a
4 [ ( ( b p y ) 2R u ) 2b p z t ] 3 + 4 4 9  ( 4 . 4 2 ) 6 7 0  ( 1 0 6 ) 6 1 0  ( 6 . 4 ) 1 . 1 6  [ 1 ] ,  1 . 4 6  [ 1 ] - 1 . 2 6 ,  - 1 . 3 9 ,  - 1 . 5 5 ,  
- 1 . 6 3 , - 1 . 8 5
5 4 0 5  ( 2 2 0 0 ) 1 5
5  [ ( ( b p y ) 2R u ) 2( b i s p z t r ) ] 2 + 4 5 5 6 7 0  ( 2 1 4 ) 0 . 9 2  [ 1 ] ,  1 . 0 9  [ 1 ] 5 5 8 0  ( 1 1 2 0 ) 10b
H25 [ ( ( b p y ) 2R u ) 2H 2b i s p z t r ] 4+ 4 3 0 6 7 8  ( 1 0 0 0 ) 1 . 1 3  [ 2 ] 10b
6 [ R u ( b p y ) 2( l M e - p z t r ) - 4 4 0  ( 4 . 2 3 ) ,  5 3 0  ( 4 . 2 8 ) 7 3 0 7 0 5 0 . 9 2  [ 1 ] ,  1 .4 1  [ 1 ] - 0 . 9 7  [ 1 ] ,  - 1 . 5 1  [ 1 ] 1 0  4 0 0 ( 4 8 0 ) 12e
R u ( b p y ) 2C l ] 3+ - 1 . 5 7  [ 1 ] , - 1 . 7 6  [ 1 ]
8 [ ( R u ( b p y ) 2) 3( ( p z t r ) 3p h ) - 4 6 5  ( 6 . 7 2 ) ,  5 1 5 ( 6 . 7 2 ) 7 7 5 6 8 5 0 . 9 4 ,  1 . 1 6 - 1 . 1 4 ,  - 1 . 5 0 ,  - 1 . 7 1 4 9
( R u ( b p y ) 2C l ) 3] 6 +
H38 [ ( R u ( b p y ) 2) 3( ( H p z t r ) 3p h ) - 4 4 5  ( 6 . 3 5 ) ,  5 3 0  ( 6 . 5 0 ) 7 6 9 6 9 5 0 . 9 7 ,  1 . 3 5 4 9
( R u ( b p y ) 2C l ) 3] 9+
7  [ ( b p y ) 2R u ( 5 - M e p z t r ] + 4 5 8  ( 1 - 2 1 ) 6 7 0 6 2 7 0 . 9 2 [ 1 ] - 1 . 4 4 ,  - 1 . 6 6 ,  - 1 . 8 0 12b
H 7  [ ( b p y ) 2R u ( H 5  - M e p z t r ] 2^ 4 4 1  ( 1 . 2 7 ) 6 6 5 6 2 0 1 . 2 9  r u - 1 . 2 2 ,  - 1 . 5 2 ,  - 1 . 7 7 12b
[ R u ( b p y ) 3] 2+ 4 5 2 ( 4 . 1 ) 6 2 0 ( 1 0 0 0 ) 5 8 2  ( 4 . 8 ) 1 . 2 3  i l ] - 1 . 3 6 ,  - 1 . 5 4 ,  - 1 . 7 9 3 7
[ R u ( b p z ) 3] 2 + 4 4 0 ( 4 . 1 ) 6 1 0 ( 7 4 0 ) 5 7 3 1 . 9 3  [ 1 ] - 0 . 7 4 ,  - 0 . 9 2 ,  - 1 . 1 8 3 5
observed for the fully protonated complex (Hil), with bands at 
1612, 1510, 1494, 1425, 1318, 1291, 1196, and 1151 cm' 1 
assigned to the protonated pyrazine ligand. Shorter-wavelength 
excitation shows some diminution of these bands, in parallel 
with the appearance of vibrational bands at 1565, 1493, 1425, 
1320, and 1278 cm-1, again assigned as bpy vibrations (see 
Supporting Information, Figure S3). It is interesting that the 
1612 cm-1 pyrazine band retains its relative intensity at shorter- 
wavelength excitation, indicating that there is a significant 
contribution of pyrazine-based ’MLCT at 457 nm.39
The solvent dependence of the absorption spectra and in 
particular the opposite dependence of the ~450 and ~530 nm 
absorption features (vide supra) has implications for the 
resonance Raman experiments. rR spectra recorded at 457.9 nm 
in CD3CN show enhancement of the vibrational features 
assigned to bpy relative to those of pyrazine, compared with 
the spectrum obtained in H2O (see Supporting Information, 
Figure S4). This is in accordance with the red shift observed in 
the ~450 nm absorption band in acetonitrile relative to water, 
which brings the transition into better resonance with the 457.9 
nm excitation line (see Figure 6 and Supporting Information, 
Figure S4).
Excited-State Transient Absorption and Transient Reso­
nance Raman Spectroscopy.40 The nanosecond transient dif­
ferential absorption (A A ) spectra of both 1 and H2I are shown 
in Figure 7. For both, upon excitation at 450 nm, a pronounced 
bleaching of the ground-state absorption spectrum is observed, 
with excited-state absorption bands appearing for 1 at 380 and 
480 nm and for H21 at 365 and 475 nm. The relatively small 
differences in the transient absorption spectra between 1 and
(39) Gardner, 1. S.; Slrommen. I). P.; S/ulbmski W. S.; Su, II.; Kincaid. J. KPhys. Chan. A 2003, 107. 351-357.(40) (a) Tomer, I.; El-Sayed, M, A. Acc. Chem. Res. I‘>85, IS, 31 3R. (!» Schoonover, J. R.; Strousc, (i F. Chain Rev. 198, PS, 1335-1355. (c) Moris, 13. I\; Woodruf, W. I, In Spectroscopy of Inorganic Bastxl materials; Clark, R. J, II, Hester, R. I:., Eds.; John Wiley A Sons: New York, 1987.
wavelength (nm)
Figure 4. Absorption spectra of 1 ill pH (a) 1.02. (b) 1.34, (c) 2.17, (d) 
2.44, (e) 3.04, (t) 3.38, (g) 3.61, (h) 4.03, (i) 4.62, 0) 5-3. (I) 6.01, (k) 6.98, 
(m) 9.41, and (n) 12.98 in Britton- Robinson buffer (pH was adjusted using 
concentrated sulfuric acid or sodium hydroxide solution).
are assigned to pyrazine-based vibrations, based on comparison 
with [Ru(bpz)3]2+ 35 (1596, 1517, 1484, 1410 (w), 1347, 1277, 
1194, 1164 cm' 1) .36 At 457.9 nm, and to a lesser extent at 488 
nm, additional bands are observed at 1605 {1574}, 1560 {1523}, 
1487 {1418}, 1318 {1255}, 1275, and 1176 cm“1, which are 
readily assigned as bpy modes on the basis o f the isotope shift 
observed in 2 (| Dg]-bpy band energies in {}) and by comparison 
with the spectrum of [Ru(bpy)3]2 *\37’38 A similar Ircnd is
(35) Alan, G. II.; White, R. P.; Rilcma, D. P.; Meyer, T. J. J. Am. Chem. Soc.1984, 106, 2613-2620.136) Danzer, G. D.; Kincaid, J. R../. Phys. Chem. 190. VI. 3976 398(1.(37) Juris, A.; Halzani, V,; Ban'gclctli, F.; Campagna, S.; Bclscr, P.; vonZelewsky, A, Coord, Chem. Rev, 198, 84. 85—27.(38) ( a )  Mnmszcwski, K.; Bajdor, KStrommcu, D. P.; Kincaid, J. R. J. Pfm. Chem. 1905, 99,6286 6293. (b) Malick, P. K.; Danzer, G. D.; Strommcn,D. P.; Kincaid, I. R. J. Phys. Chem, 198, 92, 5628 5634. (c) Strommcn, I). P.; Malick, P. K,: Danzer, G. D,; Lumpkin, R. S.; Kincaid. J R. J.Phys. Cham 190, 94, 1357-1366.
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Raman Shift (crrr1)
Figure 5. R e s o n a n c e  R a m a n  s p e c t r a  o f  1  i n  H 2 0  a t  4 5 7 . 9 ,  4 8 8 ,  5 1 4 ,  a n d  5 3 2  n m  p r o b e  w a v e l e n g t h s .
a
z><
Wavelength / nm
Wavelength / nm
Figure 6. Absorption spcctra of J (dashed line) a n d  H21 ( s o l i d  l i n e )  i n  
H 2O  ( t o p )  a n d  C H j C N  (bottom). Spectra in H j O  a r e  o f f s e t  by 0 . 5  AU f o r  
c l a r i t y .  A eXc values used in recording ground- and e x c i t e d - s t a t e  r e s o n a n c e  
R a m a n  s p e c t r a  are i n d i c a t e d .
H2I are surprising, considering the larger differences observed 
in the ground-state spectra (Figure 6). The ground-state re­
covery time in each case is in close agreement with lumines­
cence lifetimes, and the evolution of the spectra with time shows 
only a change in intensity, indicating that in both cases only a 
single excited-state species is present over the time range 
examined.
The combination of strong ground-state absorption at 350 and 
530 nm and the presence of an excited-state absorption band at 
~350 nm facilitates the study of 1 and H21 by transient (TR2) 
and time-resolved resonance Raman spectroscopy (TR3). Single- 
colored transient resonance Raman spectra were recorded in H2O 
at both 354.67 and 532 nm for I/H2I and
As shown in Figure 8 , the presence of a significant ground- 
state as well as excited-state absorption (for both 1 and H2I) at
354.67 nm enables the use of variation in the excitation laser 
pulse energy to differentiate between ground- and excited-state 
features. At low photon flux, the spectra are almost entirely 
composed of ground-state features at 1604, 1504, 1476, 1399, 
1332, 1283, 1149, and 1016 cm“ 1 for 1 and at 1613, 1514, 1494, 
1426, 1327, 1116, and 1005 cm' 1 for H2I. Excited-state 
resonance Raman spectra were obtained at higher photon flux.41 
Vibrational features typical of a bpy radical anion (at 1285 and
wavelength / nm
Figure 7. G r o u n d - s t a t e  a n d  t r a n s i e n t  a b s o r p t i o n  s p e c t r a  o f  ( a )  1  ( 1 0  n s  
i n c r e m e n t )  a n d  ( b )  H 2I  ( 5  n s  i n c r e m e n t s ) ,  A exc =  4 5 0  n m .  T h e  a s t e r i s k  
i n d i c a t e s  t h e  3 5 4 . 6 7  n m  e x c i t a t i o n  l i n e  u s e d  i n  T R 2 a n d  T R 3 e x p e r i m e n t s .
Ground state
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W a v e n u m b e rs  in  c m "1
Figure 8. TR2 spectra of (i) 1 and (ii) H jl (in H20/HC1), single color pump 
ground-state feature. Right: (a) pure ground and (b) pure excited state.
1212 cm-1) are notably absent in the high-energy TR2 spectra 
of both 1 and Hjl. For 1, excited-state bands are observed at 
1566, 1495, 1389, 1318, and 1191 cm"1. In the case of H21, 
the vibrational features appear at 1609, 1519, 1322, 1209, 1148, 
982, and 796 cm-1. Almost identical spectra were obtained for 
the deuterated analogues (2 /H22), confirming that the peaks 
observed are pyrazine- rather than bpy-based. TR2 spectra of 1 
recorded at 532 nm show predominantly ground-state features, 
which are essentially identical to those obtained in the ground- 
state rR studies (vide supra). At high photon flux, bands at 1562, 
1490, 1389, and 1320 cm-1 similar to those obtained at high 
photon flux at 354.67 nm are observed. For H2I, only ground- 
state features are found, identical to rR spectra obtained by 
excitation at the same wavelength using a continuous-wave laser.
cn
Wavenumbers in cm-1
W a v e n u m b e rs  in  c m '1
and probe, Ae*c =  354.67 nm. Left: energy-resolved spectra normalized to
This is in agreement with excited-state absorption spectra (vide 
supra), which indicates that insignificant excited-state absorption 
is present at 532 nm. Spectra recorded in acetonitrile-t/3 are in 
good agreement with the results obtained in aqueous solution. 
TR3 spectra were recorded for both 1 and H21 (Apum)1 =  532 
nm, Aprobe =  355 nm in H20; see Supporting Information, Figure 
S5). The time-resolved spectra obtained indicate, in agreement 
with the transient absorption spectra in Figure 7, the involvement 
of a single excited-state species (in the nanosecond time regime) 
in each case.
( 4 1 )  E x c i t e d - s t a t e  r é s o n a n c e  R a m a n  s p e c t r a :  t h e  r e s o n a n c e  R a m a n  s p e c t r a  o f  
t h e  c o m p l e x  i n  i t s  e x c i t e d  s t a t e  w i t h  c o n t r i b u t i o n s  t o  t h e  s p e c t r a  f r o m  t h e  
c o m p l c x  i n  t h e  g r o u n d - s t a t e  r e m o v e d  b y  s p e c t r a l  s u b t r a c t i o n  ( s e e  F i g u r e  
8).
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Figure 9. Nomenclature used in DFT calculations.
DFT Calculations. The complexes 1 and H21 were studied 
using the B3LYP/LanL2DZ functionals. As discussed above, 
both 1 and H21 are formed as homo- and heterochiral diaste- 
reoisomers; however, in the present study only the heterochiral 
stereoisomers are examined due to the significant simplification 
the presence of a center of symmetry brings to the calculation 
(Figure 9). For H2I, an additional complication arises upon 
protonation. Previous studies on the relative reactivity of the 
uncoordinated nitrogen ligands of the 1,2,4-triazole ring have 
indicated that the N 1 position is less acidic than the N4 position 
(Figure 1). Hence, the N1 position of each of the 1,2,4-triazoles 
was protonated for the DFT calculations of H21. After geometry 
optimization with an ultrafine integration grid, the molecular 
orbitals were broken down in terms of contributions from 
various groups in the molecule: Ru, the two Ru atoms; p z, the 
pyrazine ring; M etrz, the methyltriazole moieties (M eH trz in 
the case of HzX)\flatbpy, the two equivalent bipyridines, which 
lie in the same plane, including the Ru—pz—Ru axis; and 
orthobpy, the remaining two bipyridines (Figure 9). The results 
obtained for the frontier orbitals of 1 and H21 are listed in Table 
SI (Supporting Information).
In the frontier region, neighboring orbitals are often closely 
spaced. In such cases, consideration of only the HOMO and 
LUMO may not yield a realistic description. For this reason, 
partial density of states (PDOS) diagrams, which incorporate a 
degree of overlap between the curves convoluted from neigh­
boring energy levels, can give a more representative picture. 
The PDOS diagrams for 1 and H21 are shown in Figure 10. 
Using the time-dependent density functional theory (TD-DFT) 
approach, the 35 lowest energy singlet transitions of 1 and II21 
were calculated and are listed in Table S2 (Supporting Informa­
tion). The results are simplified due to the presence of a center 
of symmetry, and the molecular orbitals of the complexes are 
either symmetric (Ag) or antisymmetric (Au) with respect to the 
inversion center. Electronic transitions between orbitals of the 
same symmetry (labeled Ag in Table S2) are forbidden and have 
a calculated oscillator strength of 0; hence, only the Au 
transitions arising from transitions between orbitals with dif­
fering symmetries contribute to the calculated UV—vis spectra 
(Figure 11). Electron density difference maps (EDDMs) cor­
responding to five electronic transitions discussed below are 
shown in Figure 11. These maps show the change in charge 
density associated with a particular electronic transition.
Discussion
The importance of the structure of the bridging ligand in 
determining the extent of intercomponent interaction in multi- 
nuclear transition metal polypyridyl complexes is well estab­
lished.2 Factors such as the distance between the meial centers, 
the nature of the bridge, and the electronic properties of the 
nonbridging components are of interest. In this contribution, 
the title compound has been designed to provide a closely related 
analogue for both the bpzt“-type dimers (e.g., compound 4, 
Figure 2) we have investigated in the past and the Creutz— 
Taube ion-type complexes. In the former case, the two metal 
centers are bridged by a ligand containing two pyrazine rings 
and directly bridging 1,2,4-triazole(s), while in the latter case 
the bridge is provided by a single pyrazine ring. The separation 
between the two metal centers is similar for the CT ion, 4, and 
1/H21, which allows examination of how the differences in the 
composition of the bridging ligand affect the electronic and 
electrochemical properties of the compounds. Of particular 
interest is the electron delocalization in the mixed-valence state 
and the effect that the protonation state of the triazole rings has 
on the electrochemical and electronic properties of the com­
pound.
Redox Properties. The redox processes observed at anodic 
potentials for both 1 and H21 are assigned to sequential oxidation 
of each of the metal centers, and the separation (AE  (1) =  175 
mV, AE  (H21) =  170 mV) is typical for complexes containing 
bridging pyrazine rings, such as [(Ru(bpy)2Cl)2pz]2+ (AE  =  130 
mV)5a and [(Ru(bpy)2)2dpp]2+ (AE  =  200 mV).6c The AE value 
provides a measure for the stability of the mixed-valence 
compound toward disproportionation, as shown in eq 1, which 
yields values for the comproportionation constant, K Q, of 910 
for 1 and 750 for H21.42
^  =  eA£(mW25.69 T  =  298 K  (1)
The separation observed contains contributions from elec­
trostatic interactions as well as electron delocalization.43 The 
importance of the latter can be determined from a detailed 
analysis of the spectroscopic properties of the mixed-valence 
complexes. The observation of a very weak absorption band at 
850 nm for H21 and the absence of an IT band in 1 indicates 
that, despite the proximity of the two metal centers, the 
electronic delocalization between the metal centers in the ground 
state is at best very weak and that the separation between the 
first and second redox processes is predominantly due to 
electrostatic contributions. Indeed, the strength of the effect is 
comparable with the electrostatic effect of protonation on the 
redox potentials of 1 and H21 4c’44
The electrochemical studies yield two unexpected results. 
First, while for both the CT ion and 4 electronic interaction (in 
terms of delocalization of the SOMO) is relatively strong, for 
1/H21 electron delocalization is not significant. Second, it is 
unexpected that the value of AE  obtained for 1/H21 is 
independent of the protonation state of the triazole ring. For 
other triazole-based dinuclear systems such as compound S 
(Figure 2), very different behavior is observed. In the depro-
(42) Richardson, 1. E.; Taubc, IT. Inorg. Chan l*>81, 20. I27K- 1285.(43) Evans, C. E. B.; Naklicki, M. L.; Rezvani, A. R-; While, C. A.; Kondratiev, V. V.; Crutch ley, R. ].J. Am. Chen,. Sac. I TOM, ¡20. 13095- 13103.(44) The efect of prolonalion can be viewed as a "double oxidation" in terms of the change in chargc; therefore, the increase in the first tutd second redox potentials of I upon protonation to H;l would lie expected to be equivalent In twice AE (i.e., 350 mV). The neural increase upon prolonalion is 40 mV, and Ihc larger cfl'ct of protonation of Ihe 1,2,4-triazole is probably due lo the closer proximity of Ihc increase in chargc (and hcncc clcclroslalic clFecl) compared wilt oxidation of one metal colier (cf. distance dependence of columbic interactions).
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Figure 10. Partial density of states diagram for (a) 1 and (b) H2) . See text for description of the groups.
tonated state 5 shows a AE  value of 170 mV, while for its 
protonated analogue a single two-electron wave is observed. In 
addition, for 5 the deprotonated analogue shows an intervalence 
band, while for the protonated species no intervalence features 
are observed. The pH-dependent behavior is typical of interac­
tion via a hole-transfer mechanism13 and is observed for related 
imidazole-based systems also.4s It is, therefore, surprising that 
the AE  values obtained for 1 and H 21 are the same and that 
evidence for electron delocalization, in the form of an interva­
lence feature, is observed only for H2I. These observations make
(45) (o)Haga, M.; A110, T.; KanoK.; Yamnbc, S. tnorx. Chew. 1991,30, 3843 3849 (1>) lings, M.; Ali, Md. M.; Koscki, S.; Pujimolo, K.; Yoshimuni, A.; Noaiki, K ; Ohno, T.; Nnkijima. K ; Stufxcn-., I). J. Itiorg. Chem 196,35, 335 347. (c) Haga, M.; Ali, Md. M.; Arakawn, R. Angew. Cliem. Ini. Ed Engl. 196, ,J, 76-78.
it very unlikely that hole transfer is an appropriate mechanism 
to describe the nature of the interaction between the two metal 
centers. However, the experimental observations may be 
explained by considering the strong coupling observed for the 
CT ion, which is rationalized by assuming a LUMO-mediated 
superexchange mechanism.5 An important parameter, which 
determines the efficiency of such a mechanism, is the HOMO— 
LUMO energy gap. Meyer and co-workers have demonstrated 
that pyrazine-bridged binuclear complexes with better ^-acceptor 
properties than NH3 (e.g., |(bpy)2ClRu-(M.-pyrazine)-RuCl- 
(bpy)2]2+) exhibit a weaker IT band at much higher energy than 
the CT ion (Table l ).5 The presence of good Jt-acceptor ligands, 
such as bpy, decreases the metal-based HOMO energy and hence 
increases the barrier to electron transfer between the Ru(II) and
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Figure 11. Convoluted calculated UV—vis spectrum of 1 (lop) and Hjl 
(bottom). The green lines are the individual electronic transitions. Also 
shown are three electi on density difference maps corresponding to transitions 
1,13, and 30 (1) and 5, 8, and 25 (Hjl) (green indicates an increase in the
c h a r g e  d e n s i t y ,  a n d  r e d  i n d i c a t e s  a  d e c r e a s e ) .
Flu(III) centers. As a result, the oxidation of the first metal center 
affects the second metal center, but the barrier to electron 
“hopping” between the Ru(II) and Ru(III) centers is increased 
and the mixed-valence complex may be viewed as valence- 
trapped or localized.4'46 Overall, the high energy barrier to 
optical electron transfer and the localization of the SOMO on 
a single metal center result in a lower oscillator strength and
(46) (a) Hupp, J. T. J. Am. Chem. Soc. 190, 12, 1563- 1565. (b) Piepho, S. B. J. Am. Chem. Sac. 1990, 12, 4197-4206. (c) Petrov, V.; Hupp, J. T.; Motley, C.; Mann, L. C. J. Am. Chem. Soc. 1994, 16, 2171—2172.
higher energy of the IT band than for the CT ion. If a LUMO- 
mediated exchange mechanism determines the intercomponent 
interaction in 1 and H21, then the absence of a clear IT band in 
the mixed-valence state is not unexpected.
Reductive Processes. Assignment of the first reduction 
process observed at cathodic potentials as being pyrazine-based 
is made by comparison with closely related pyrazine-bridged 
binuclear complexes (Table 1). The subsequent reduction waves 
observed are assigned as bpy-based reductions, the first of which 
is a poorly resolved (AE  < 60 mV) bielectronic redox wave 
corresponding, at least approximately, to a single bpy reduc­
tion of each metal center.47 The third bpy reduction is at 200 
mV more negative potential than the first/second bpy reduction. 
The third and fourth bpy reductions, which are again assigned 
to a single bpy reduction at each metal center, are separated by 
-1 1 0  mV.
The observation that the first and second bpy reductions occur 
at almost the same potential, while there is a 110 mV separation 
between the third and fourth bpy reduction steps, may be 
rationalized on the basis that the first three bpy reduction steps 
are stabilized by delocalization over the remaining unreduced 
bpy ligands. For the fourth bpy reduction process, such 
stabilization is not available; hence, the separation (A E) between 
the third and fourth bpy reduction processes is larger than that 
between the first and second bpy reductions.47
The delocalization of charge in the reduced state is unex­
pected, considering the very low level of delocalization in the 
mixed-valence {Ru(II)Ru(III)j complexes (vide supra). If the 
“interaction” strength is a fixed parameter and is independent 
of the redox state of the complex, then four separate bpy 
reduction processes would be expected due to electrostatic 
factors, with the separation between the four bpy reductions 
being approximately equal.48 The first two reductions are 
delocalized over eight pyridyl rings, and hence electrostatic 
interactions will be reduced significantly from those observed 
during oxidation where oxidation is localized on the ruthenium 
centers. The increased separation between the third and fourth 
reduction processes (100 mV) cannot be rationalized on the basis 
of a single reduction at each metal center since the electrostatic 
effect, and hence separation (AE), would be similar to that 
between the first and second bpy reduction processes. The 
increased separation can be explained by considering that the 
third reduction process is stabilized by delocalization over the 
two centers, while the last reduction does not benefit from 
such stabilization through delocalization. A similar reductive 
electrochemistry is seen in the related binuclear complexes 
i(Ru(bpy)2)2bpt]3+ 14b and [(Ru(bpy)2)2bpzt]3+ 15 and indicates 
that there is significant interaction/delocalization between the 
bpy ligands on both metal centers. The results obtained suggest 
that the communication between the Ru(bpy)2~ units is increased 
when the bpy-based reductions are considered, and this can be 
explained by the fact that the bpy-based reductions take place 
in a complex containing a negatively charged (reduced) pyrazine
(47) Ghosh, H. K.; Chakravorty, A. Count. Chem. Rev, 1989, 95, 239 - 294.(4K) The ¿V n? of the firs Ibpy reduction peak is 120 mV ami noi the 29.5 mV expected for a doublc-clcciron-iransfcr proces; 120 mV is twicc Hist expected for an clcctrochemicnly reversible I c transfer. The third and fourth bpy rcdueliois ate clcctrochcmicaly reversible; (/^  < 70mV), and lienee it is probable thul Ihc first and second reductions arc also reversible, suggesting a separation of 60 mV between the first and second bpy reduction proceses.
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bridge and not a neutral bridge as is the case with oxidation 
processes.
Electronic Properties. The absorption spectra of I/H2I
contain three main absorption features in the visible region and 
are reminiscent of the spectra exhibited by related pyrazine- 
bridged binuclear complexes based on the ligands dpp6c and 
bpz (where bpz is 2,2'-bipyrazine).36 Comparison of the absorp­
tion spectra of these compounds with those of 1/H21 suggests 
that the 550 nm band (Figure 4) is predominantly 'MLCT (t2g 
to pz) and the 450 nm band is LMLCT (t2g to bpy) in character. 
This assignment is confirmed by resonance Raman spectroscopy 
and electrochemical data (vide supra). For 1, a red shift in the 
530 nm band to 565 nm and a blue shift of the 467 nm band to 
424 nm are observed upon protonation.,3h The red shift of the 
530 nm band is most likely due to the stabilization of the 
pyrazine, which is supported by the DFT calculations (vide 
infta). Finally, the 350 nm absoiption band is assigned, 
tentatively, as a pyrazine—'IL ( ji—71*) transition on the basis 
of the expected lower energy of the pyrazine—71* relative to 
the bpy—jt* . This assignment is supported by the pH depen­
dence of the absorption band, which undergoes a blue shift on 
protonation (due to the concomitant lowering of electron density 
on the adjacent 1,2,4-triazole rings), and observation of pyrazine- 
based vibrational modes in the ground-state resonance Raman 
spectra obtained during TR2 studies (vide supra) at =  355 
nm for both 1 and H2I.
DFT Calculation. One of the central aims of the present 
study is to examine the effectiveness of DFT calculations in 
elucidating ground- and excited-state features in multinuclear 
complexes. The picture emerging from the spectroscopic and 
electrochemical measurements is that the LUMO in both 1 and 
H2I is based on the pyrazine ligand and that, as expected, the 
HOMO is metal-based. The data indicate that both HOMO and 
LUMO are stabilized upon protonation. In this section the results 
obtained from the DFT calculations are compared with the 
experimental data.
The PDOS diagrams shown in Figure 9 suggest that for 1 
the HOMOs are mainly Ru and M etrz-based and the LUMOs 
are based on the bipyridines and pz. In contrast, the HOMOs 
of H2I are almost completely i?«-based and the LUMOs are 
primarily based on p z , although there are also contributions from 
M eH trz and Ru.
This can be visualized by the EDDM pictures shown in Figure 
10a for 1, which indicate that the lowest energy absorption (of 
significant oscillator strength) at 490 nm (transition 13, Table 
S2a; major contributions, H-4 —*■ LUMO and H-2 —* LUMO) 
corresponds to a transfer of electron density from Ru to orthobpy 
and p z  (Figure 9). At ~400 nm there is another electronic 
transition, also with high oscillator strength (transition 30). The 
major contributions are HOMO * L+7 and H-l —* L+6 , and 
the change in charge density is similar to that calculated for 
transition 13. The energies observed for these main bands, as 
well as the absorption envelope, are quite different from the 
experimental results. Also, the results indicate a significant 
mixing of bpy and pz orbitals, in contradiction to resonance 
Raman data (vide supra). This apparent contradiction may be 
explained by consideration of the different environments for 
which the data are obtained. In the DFT calculations the complex 
is isolated (i.e., no solvation), while the rR experiments were 
carried out in aqueous solution. It is clear from the solvent
dependence of the energy of the absorption bands at ~400 and 
~550 11m that increasing solvent polarity (vide supra) also serves 
to increase the separation of the absorption bands (see Figure 6 
and Figure S4).
In contrast, the calculated UV—vis spectrum of H2I is in 
excellent agreement with experiment (Figure 11). For the 
protonated species, the lowest energy transition with a significant 
oscillator strength (transition 5, mainly H-l — LUMO) corre­
sponds to a transfer of electron density mainly from Ru to pz. 
Two transitions of similar oscillator strength contribute to the 
absoiption band around 440 nm. The two transitions (transitions
7 and 8 , containing different ratios of H-l — L +l and HOMO 
—*■ L + l) correspond to very similar movements of electron 
density from Ru to pz. Another transition with a strong oscillator 
strength occurs at 385 nm. This transition (transition 25 in Table 
S2b) has a number of contributions, the largest of which are 
H-3 —► L+3 and H-4 — L+2 and Ru  to bipyridyl (mainly 
orthobpy) in nature. The DFT calculations for the protonated 
species therefore support the spectroscopic data. The lowest 
singlet excited state is pyrazine-based, and protonation of 1 leads 
to a decrease in the energy of the lowest lMLCT band.
The DFT calculations also support both the electrochemical 
observations and the mechanism proposed for the interaction 
between the metal centers in the mixed-valence state. They 
indicate that, for I and H2I, the pyrazine moiety provides only 
very minor contributions to the HOMO and a large contribu­
tion to the LUMO, while the 1,2,4-triazoles provide a signifi­
cant contribution to the HOMO. It is clear that the LUMO 
energy is stabilized to a greater extent than the metal-based 
HOMO levels upon protonation from 1 to H2I. If the inter- 
nuclear interaction is dominated by a LUMO-based superex­
change mechanism, then an increase in the intemuclear inter­
action would be expected, and although protonation has little 
effect on AE, the tentative observation of an IT band for H2I 
and not for 1 suggests that a small increase in interaction occurs 
upon protonation.4c
Excited-State Electronic Structure and Properties. Al­
though pyrazine-bridged complexes have been the focus of 
considerable attention for over half a century, the majority of 
the systems are nonemissive. It is generally accepted that the 
lowest excited states in those pyrazine-bridged systems, which 
are emissive (e.g. the dipyridopyrazine family of complexes), 
are pyrazine-based; however, few detailed studies have been 
carried out to confirm this.6f The emission spectra of 1 and H2I 
are comparable with those reported for the related complexes 
(see Figure 2 and Table 1) [Ru(bpy)2(«-lMepztr)Ru(bpy)2Cl]3+
(6)13c and [(Ru(bpy)2)3((pzlr)3ph)(Ru(bpy)2Cl)3]5+ (8).49 The red 
shift observed upon protonation is in agreement with the 
stabilization of the pyrazine-based LUMO; however, assignment 
of the emitting state as pyrazine-based is not so clear since a 
significant isotope effect on the emission lifetimes for 1 and 
H2I (at 298 and 77 K) is observed upon deuteriation of the 
bpy ligands (Table 1). In previous studies of heteroleptic 
complexes, deuteriation of the ligands on which the lowest 
excited state is based results in an increase in emission lifetime.50 
It would be expected, therefore, for 1 and H21 that deuteriation 
of the bpy ligands should have no effect on the emission lifetime,
(49) Lempers, H. E. B.; Haasnoot, J. G.; Reedijk, J.; Hage, R.; Weldon, F. M.; 
Vos, J. G. Inorg. Chim. Acta 1994 , 225, 67—74.
(50) Browne, W. R.; Vos, J. G. Coord. Chem. Rev. 2001 , 219, 761-787 and 
references therein.
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Figure 12. E x c i t e d - s t a t e  i n t e r n a l  c o n v e r s i o n  ( I C ) .
as TR2 and TR3 studies strongly indicate that, for 1 and H2I, 
the lowest excited state is pyrazine-based (i.e. the observation 
of features attributed to vibrations of the pyrazine group and 
the absence of the signature bands of the bpy anion radical 1212  
and 1285 cm-1 ).37 The observation of a pronounced increase 
in the emission lifetime upon deuteriation of the bpy ligands is 
therefore somewhat surprising50 but may be related to interaction 
between neighboring electronic states, one of which is bpy- 
based.
Interaction between close-lying, weakly coupled states is 
dominated by high-energy vibrational modes.50'51 Hence, if the 
deactivation of the pyrazine-based 3MLCT state via popu­
lation of the higher bpy-based 3MLCT state (Figure 12) is an 
important deactivation route, then the observation of a bpy 
deuteriation effect is possible. It is clear from the photochem­
ical reactivity of 1 that the 3MC state (thermal population of 
which is responsible for most ruthenium(II) polypyridyl pho­
tochemistry)37 is accessible, and hence it is not unreasonable 
to assume that the higher energy 3MLCTbpy states undergo rapid 
deactivation via this state. Considering Figure 12, if&i kj < 
£3, then the rate-determining step is the IC between the 3MLCTpz 
state and 3MLCTbpy, in which, for weakly coupled states (i.e., 
with a Huang—Rhys factor S  < 1), high-energy vibrational 
modes are important.50'5' The absence of bpy anion radical 
features in the excited-state Raman data suggests that the lowest 
pyrazine 3MLCT state is the only state that achieves a significant 
population at 298 K, and hence the bpy 3MLCT state, if 
populated, must undergo rapid deactivation (e.g., via the 3MC 
state, Figure 12). The rate of nonradiative decay of an excited 
state is the sum of several competing processes ( f e b s  =  &3m l c t - c . s  + k\ + £2 +£3  + ■■)> such as direct relaxation to the ground 
state and thermal population of a higher energy state. At 77 K, 
thermal population of the 3MC state (ki in Figure 12) is not 
observed, and deactivation of the emissive 3MLCTpz state via 
the weakly coupled (S  < 1) 3MLCTbpy state provides a 
proportionally larger contribution to k0bs; hence, the isotope 
effect would become larger.
Conclusions
Ground- and excited-state resonance Raman41 and electro­
chemical data enable a detailed assignment to be made of the 
electronic absorption and emission spectra of 1 and H2I. From 
the wavelength dependence of the rR spectra and electrochem­
istry, the absorption band at ca. 530 nm can be assigned as a
Figure 13. D i a g r a m  s h o w i n g  r e l a t i v e  p o s i t i o n  o f  e l e c t r o n i c  s t a t e s  f o r  X 
( l e f t )  a n d  H 2 I ( r i g h t ) .  E n e r g y  d i f f e r e n c e s  a r e  e s t i m a t e d  f r o m  s p e c t r o s c o p i c  
a n d  r e d o x  d a t a .
t2g~Ji*pZ'MLCT transition, the ca. 450 nm band is attributable 
to a tjg-/r*|)pylMI,CT transition, and the emission is assigned 
as arising from a pyrazine-based relaxed 3MLCT state. A 
simplified electronic structure of both 1 and H il is represented 
in Figure 13. It is clear that, upon protonation, the lowest 
pyrazine-based JMLCT and 3MLCT states are stabilized. In 
addition, due to the reduction in the ff-donor strength of the 
two triazole moieties, stabilization of the metal-based (t2g) 
ground state and the photochemically active 3MC (eg) state also 
occurs. The electrochemical data suggest ground-state (HOMO) 
stabilization (Ru(II)/Ru(III) redox potential) by 3200 cm-1, upon 
protonation, while electronic spectroscopy suggests that, upon 
protonation, the energy of the 'MLCTpz band (and hence 
LUMO) is reduced by 4370 cm~* and that of the 3MLCTpz band 
is lowered by 3750 cm-1.
In contrast to the ground state, which is stabilized by 3200 
cm '1, the bpy-based 3MLCT states are relatively unaffected by 
protonation (stabilized by only 1030 cm-1), and hence the 
effective GS-to-3MLCT(bpy) energy gap is increased (Fig­
ure 13). It would be expected that a lowering in the energy 
of the 3MC state would result in an increase in photochem­
ical reactivity; however, the reverse is observed, with the depro- 
tonated complex exhibiting photochemistry while the protonated 
complex is photochemically inert. Lowering of the 3MC upon 
protonation reduces the energy gap between the 3MC and ground 
state and hence leads to an increase in the rate of nonradiative
(51) (11) Hutchinson. 0. A., Jr.; Mngurn, B. W .J. Chem. Phys. 10*0, 32, 1261 1262. (b) Wright. M. R.; ['roach, R. P.; Robinson, Ci. W. J. Chem. Phys. 1960. 3, 935. (c) Robii-son, Cj. W.; Frosch, l(. I‘ J. Chem. Phys1962.37. 1962- 1973. (d) Robinson, O. W.: I-'roioh. R. P. J, Chem. Phys 1963, 3«, 1187-1203. (c) Siebrand, W. J. Chan Phys, 1967. 46. 440 447. (0 SicbiMd, W. J. Chem Phys. 196, 4. 4055 - 4057. (g) Gelbart, W. M.; Freed, K. I\; Rice. S, A .J. Chem. Phys. 197«. 52,2460 2473. (h) Jortncr, J.; Ricc, S .  A ; loclislrasscr, R. M. Jldu. Photaehcm. 1969. 7, 149 309. (i) Freed, K F.; Jortucr, J../. Chem. Phys 1970. 52. 6272 -6291. 0) 
H n g l m o n ,  R.; J o r t n c r ,  J .  Mol Phys. 1 9 7 0 ,  IS, 145—I4S.
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deactivation from the 3MC to the ground state. This increase 
inhibits thermal population of a dissociative state from the 3- 
MC and hence inhibits photochemistry (Figure 12).
The incorporation of the acid—base chemistry of the 1,2,4- 
triazole moiety into the well-known Ru—pyrazine—Ru system 
has enabled the investigation of a pyrazine-bridged system which 
can undergo quite dramatic changes in both its ground- and 
excited-state properties, controllable by both solvent and pH. 
It is clear that the application of multiple techniques in a 
concerted manner to the elucidation of excited-state structure 
holds particular advantages, especially in determining the 
relative contributions of different ligand-based excited states 
to the electronic properties observed.
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